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Abstract
Pressure sensitive adhesives are a category o f adhesives which can be used for both 
permanent and removable applications. The use o f radiation to cure these materials 
prior to application is becoming more widespread due in part to the recent drive to 
reduce the release of volatile organic compounds and hazardous air pollutants 
produced from more traditional solvent or thermal curing methods. For the 
manufacturer, a greater understanding o f how these adhesives cure under near to real 
life  conditions is highly desired.
This thesis presents the first use of one-dimensional magnetic resonance imaging to 
provide information on the molecular mobility as revealed by spin relaxation times 
as a function o f depth in cross-linking acrylic adhesives during photoinitiated curing 
by ultraviolet light. Imperfect curing in these adhesives may lead to crosslink 
density inhomogeneities and consequently, to variations in the adhesion and cohesion 
properties throughout the depth o f the adhesive. The GARF'ield magnet developed at 
the University o f Surrey, along w ith a new high temperature sample mounting probe 
developed during this work allowed thin film  samples to be measured at various 
temperatures with a spatial resolution better than 16 pm.
Two separate components were identified in the exponential decay o f the NMR 
signal from the bulk adhesive. These were attributed to the inter-crosslinked network 
and to lower molecular weight dangling chain ends. Curing was seen to increase the 
fraction o f the shorter component indicative of an increase in crosslink density. 
GARField profiles showed that formulations with additional multifunctional 
acrylates produced the highest cure owing to the increased crosslink density afforded 
by the multifunctional acrylates. However, the addition o f these groups also led to a 
reduced homogeneity in the depth o f cure. The inclusion o f further photoinitiating 
species, sensitive to a wider range o f wavelengths was shown to reduce this effect.
Measurements at 60°C showed that UV irradiation was more efficient at producing 
crosslinks at this temperature. However, the contiast between cured and uncured 
samples on GARField was reduced due to the additional, thermally driven molecular 
motion. The activation energy for this thermal motion was calculated to be
0.34 ± 0.04 eV and 0.28 ±  0.05 eV for the uncured and cured adhesives, respectively. 
The irradiation regime only became important when small doses separated by more 
than 20 minutes were used. This regime led to sufficient build up o f oxygen in the 
upper surface of the adhesive to inhibit the curing reaction.
© Simon A. Pitts (2009)
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Chapter 1
Introduction
1.1 Introduction
Polymers have existed in natural form since life  began, with those such as DNA, 
RNA and proteins playing crucial roles in plant and animal life. Adhesives are 
perhaps some of the oldest polymeric materials exploited for use by mankind with 
evidence o f the use o f bitumen in tool manufacture dating back 36,000 years 
[Taljsten, 2005]. The ancient Egyptians were known to have used glue made from 
fish and animal proteins to adhere decorations to coffins [Darrow, 1930; Parker and 
Taylor, 1966] and archaeologists have uncovered statues from Babylonian temples 
dated circa 2000 BCE that have ivory eyeballs glued into eye sockets [Taljsten, 
2005]. The Roman Empire are accredited as being among the first to utilise 
adhesives on a large scale through the use o f pine tar and beeswax to caulk ships 
[Parker and Taylor, 1966; Goddard, 1991]. Very little  progress in the use of 
adhesives was made since these times until the advent o f systematic chemistry within 
the last 150 or so years led to an attempt by scientists to understand the processes of 
adhesion. This in turn has led to the development o f synthetic adhesives and to the 
improvement o f those occurring naturally.
Adhesives may be broadly categorised into structural adhesives, which harden to 
form a permanent bond and Pressure Sensitive Adhesives (PSAs) which are designed
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fo r either permanent or removable applications. Structural adhesives hai'den or cure 
through a number o f different processes including evaporation o f solvents or water, 
radiation curing, chemical reaction o f two or more constituents for example epoxy 
resins and amine hardeners or cooling to below the glass transition temperature. 
Adhesive bonding occurs in  PSAs by simply bringing an adhesive coated surface 
into contact w ith a second untreated surface and applying light pressure.
Comyn (2005) describes PSAs as materials which lie  somewhere between the 
viscous and rubber states at room temperature, such that tliey exhibit a viscoelastic 
response to deformation. They do not harden but remain permanently tacky, 
consequently the glass transition temperature is below the temperature o f use. They 
can be natural rubber based or synthetic such as acrylic resins and may contain 
additives such as antioxidants and tackifiers [Pocius, 2002]. The performance o f 
PSAs is dependent on the fo llow ing factors [Parker and Taylor, 1966]:
1. The efficiency w ith which the adhesive “ wets”  or forms intimate contact w ith 
the surface o f substrate.
2. The cohesive strength o f the adhesive film .
3. Specific adhesion between components o f the adhesive and the substrate.
The wetting efficiency is a function o f the type and quantity o f tackifying resins used 
in the formulation. Typical tackifiers include naturally occuning rosin acid 
derivatives, terpenes and petroleum based aromatic compounds. Addition o f the 
tackifiers to acrylic resins results in  a two phase dispersed system consisting o f low  
molecular weight rubber dissolved in  the resin. This material is soft and deformable 
and is responsible fo r the ab ility  o f the system to adhere to the surface o f a substrate. 
Subsequently, the degree o f adherence o f the PSA can be tailored by controlling the 
type and molecular weight o f the tackifying resins.
The addition o f tackifiers to the adhesive has already been stated to increase its 
deformability. However, the tackifiers also decrease the cohesive strength o f the 
adhesive film  [Pocius, 2002]. A  compromise must therefore be made between tack 
and cohesive strength requirements and this is often decided by the necessity to be 
able to cleanly remove the PSA from  the substrate it  is applied to. The cohesive 
strength can be increased by the addition o f reinforcing fille rs  or crosslinking agents
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such as m ultifunctional monomers. The most common use o f PSAs is in  adhesive 
tapes whereby a flexib le  substrate supports the adhesive film . To enable clean 
removal o f the tape from  any applied surface, the adhesive strength o f the PSA to the 
substrate must be less than its cohesive strength.
The most important requirements fo r a PSA are high tackiness (adhesion by touch), 
high cohesion (inner stability) and high stickiness (lasting adhesion) [Czech and 
M ilker, 2003]. The adhesive chemist has numerous tools at their disposal including 
various chemical reactions, solvent evaporation, radiation and thermal techniques to 
achieve the desired mechanical properties o f the PSA prior to application. An 
introduction to radiation curing techniques and the key differences between 
adhesives cured using this method and thermal techniques can be found in  Chapter 2.
In  typical industrial applications, PSA tapes are produced on high speed coating 
machines. First, the substrate material is fed through rollers which apply a release 
coating to the back. This release coating must have poor adhesion to the adhesive. 
The pressure sensitive adhesive is then applied to the front o f the substrate at a 
predetermined coating weight. Since the adhesive has a high viscosity at room 
temperature it must be applied either dissolved in  a solvent or mixed w ith water 
which can subsequently be removed using drying ovens, or applied as a hot melt 
coating and then allowed to cool. For radiation cured adhesives, ultraviolet ligh t 
sources or electron beams in itiate curing reactions prior to the tape being wound onto 
cardboard or plastic cores.
GARField Nuclear Magnetic Resonance (NM R) has been developed as a novel 
means o f depth pro filing  dynamic processes in  thin film  samples such as the drying 
o f colloidal layers [Ciampi, 1999; Keddie et a l ,  2002] and crosslinking latex 
coatings [W allin  et a l ,  2000; Hellgren et a l ,  2001]. The technique exploits the 
sensitivity o f the spin relaxation rates to molecular motion to map both the 
concentration and m obility o f water, solvents and polymer chains. I t  has previously 
been applied to both paint [McDonald and Keddie, 2002] and glue layers [Berrnett et 
a l ,  2003]. In this work, GARField magnetic resonance is applied to the study o f UV 
cured pressure sensitive acrylic adhesives fo r the firs t time in collaboration w ith 
National Starch and Chemical.
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1.2 The scientific rationale
Radiation curable adhesive products are considered one o f the future growth areas 
w ith in the coatings and adhesive industry as they potentially have a lower 
environmental impact and increased productivity than solvent based products. 
National Starch and Chemical (NSC) have developed a number o f commercially 
available U V cured acrylic adhesives which have not been fu lly  characterised. A  
greater understanding o f how these products cure under near to real life  conditions 
w ill enable NSC to grow w ith in  the global market. The GARField technique 
available through this research offers the opportunity to non-desti'uctively measure 
the degree o f cure across the depth o f thin adhesive layer as a function o f U V  dose.
1.3 Aims and objectives of the research
The fo llow ing aims were identified in  order to fu lf il the scientific rationale.
1. To spatially map the curing o f thin layers o f an acrylic adhesive form ulation 
after irradiation w ith  ultraviolet light. There is concern that curing may not be 
uniform  across the layer leading to degraded adhesive properties.
2. To explore tlie effect varying the concenti'ation o f m ultifunctional acrylate has 
on the curing o f the acrylic adhesive. M ultifunctional acrylates increase the 
crosslink density per unit dose but can lead to non-uniform cure and reduced 
tack.
3. To identify how the degree o f cure across the adhesive layer varies w ith 
different curing regimes. Knowledge o f the optimal curing regime allows 
consistent adhesive properties in  cured layers to be obtained and has the 
potential to increase productivity in  the manufacturing environment.
4. To investigate the effect temperature has on the curing o f acrylic adhesives. 
There is a concern that increasing the temperature o f the adhesive during 
irradiation may lead to retardation o f the curing reaction due to an increase in 
molecular oxygen w ith in  the polymer.
5. To explain the experimental observations through the development o f a 
numerical model. An accurate model w ill allow the response o f new 
formulations to U V  irradiation to be predicted.
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To meet the above aims, the fo llow ing objectives were set.
1. Development o f a GARField sample environment and probe which could be 
used to U V irradiate and measure adhesive samples at high temperature. This 
is a significant NM R advance on previous work which was always conducted 
in  ambient conditions.
2. Conduct bulk NM R relaxation analysis to infer inform ation on the molecular 
dynamics w ith in cured and uncured samples o f different components o f the 
acrylic adhesive formulation.
3. Use the bulk NM R relaxation data to optimise GARField measurement 
parameters thus enabling magnetic resonance pro filing  to spatially map the 
curing o f acrylic adhesive layers and to determine the depth o f cure at both 
room, and higher temperatures.
4. Compaie the GARField profiles w ith the bulk NMR relaxation data so as to 
further the understanding o f the spatially resolved measurements.
5. Conduct a series o f experiments w ith different curing regimes, ranging from  a 
large, single U V  irradiation to m ultiple short U V  exposures in order to measure 
the effect o f the different dose rates on the degree o f cure.
6. Compare cure profiles o f adhesive samples w ith  different concentrations o f 
m ultifunctional acrylate to determine the effect on crosslink density and 
uniform ity o f cure.
7. Establish and measure any dai’k  cure processes occurring w ith in the curing o f 
the acrylic adhesive formulations to allow the adhesives response to U V 
irradiation to be more fu lly  understood.
8. Design and construct a numerical model to describe the dominant reaction 
pathways o f the curing process, thus enhancing comprehension o f the 
controlling factors behind the curing mechanism.
1.4 Outline of the thesis structure
The structure o f the thesis, which comprises nine chapters, is outlined in Figure 1.1
and discussed below.
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\r
Chapter 3
Principles o f Nuclear Magnetic Resonance
Chapter 1
Introduction
Chapter 2
Introduction to radiation cured adhesives
Chapter 5
Magnetic resonance o f U V  cured acrylic adhesives
Chapter 8
Development o f a numerical model
Chapter 9
Further discussions and conclusions
Chapter 4
Development o f instrumentation
Chapter 7
Magnetic resonance o f U V  cured acrylic adhesives at 
high temperature
Chapter 6
Variations to the curing regime and m ultifunctional 
acrylate content
Figure 1.1: Schematic diagram illustrating thesis structure.
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Chapter 2 presents an introduction to radiation cured adhesives which aims to 
provide some background on the materials supplied by NSC and profiled using 
GARField magnetic resonance. W liils t a fu ll account o f the mechanisms involved in 
photopolymerisation is beyond the scope o f this work, Chapter 2 aims to introduce 
the key reactions which lead to free radical in itia tion, propagation and termination 
and to the development o f a crosslinked network.
Chapter 3 introduces the basic principles o f Nuclear Magnetic Resonance. As 
hydrogen is the element o f interest throughout this work, the theory focuses on spin 
7=1/2 nuclei. The experimental techniques used to record magnetic resonance 
measurements are also introduced, along w ith  the basic principles o f spatially 
encoding the NM R signal through the use o f magnetic fie ld  gradients in  order to 
build up images. F inally, the specific case o f 1-dimensional imaging or p ro filing  and 
the GARField magnet is discussed.
Chapter 4 describes the development o f instrumentation which was undertaken to 
meet the aims and objectives o f this research. This includes details o f the UV 
iiTadiation system and the design and construction o f a new high temperature 
sample-mounting probe, which was designed to provide a new capability for 
GARField magnetic resonance measurements at elevated temperature. The auxiliary 
magnet cooling system, which was necessary to maintain a near ambient temperature 
o f the magnetic pole pieces during high temperature measurements, is also described.
The tliree fo llow ing chapters detail the magnetic resonance studies conducted in this 
work. The first. Chapter 5 covers relaxometry and GARField pro filing  o f the acrylic 
adhesive UV4200 and the constituent components as a function o f dose at room 
temperature. In addition, a methodology to compaie the fitted relation data to 
GARField profiles is introduced.
Chapter 6 investigates the affect changing both the UV curing regime and the 
m ultifunctional acrylate concentration has upon the degree o f cure throughout the 
depth o f the adhesive layer. The influence o f any dark cure processes is also 
investigated.
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Chapter 7 reports the findings from  the high temperature measurements o f UV4200 
and the various components, contained therein. The experiment describes how the 
profile  intensity alters as a function o f temperature and concludes by approximating 
the activation energy fo r thermal motion w ith in the acrylic adhesive. A  comparison 
was conducted between samples cured at room temperature and at 60°C to 
understand the influence o f temperature on the curing.
Chapter 8 describes the development o f a basic numerical model, w ritten in  ID L, 
which was used to inteipret the relaxometry and GARField data obtained through the 
experiments conducted in  Chapters 4 and 5. The model was developed to address a 
number o f features which were observed in  the GARField measurements, such as the 
non-uniform depth o f cure, the greater crosslink density w ith increased concentration 
o f m ultifunctional acrylate, and the effects o f oxygen inhibition.
The thesis concludes by drawing together the key findings identified as a result o f the 
research. Recommendations fo r future work are also discussed. These ideas focus 
on alternative methods which may result in  an enhanced contrast between cured and 
uncured adhesive layers being observed through NMR.
C h a p te r  2: I n t r o d u c t io n  to  R a d ia t io n  Cu r e d  A d hesives
Chapter 2
Introduction to radiation cured 
adhesives
2.1 Introduction
The use o f radiation as a means o f synthesising highly crosslinked networks has 
found many applications due, in  part, to the recent drive to reduce the release o f 
volatile organic compounds (VOCs) and hazardous air pollutants (HAPs) into the 
atmosphere. These applications cover a broad range o f industries including inks, 
paints and varnishes used in graphic arts, protective coatings fo r optical fibres, dental 
resins fo r the repair o f teeth, varnishes and coatings in  furniture manufacture and 
adhesives used to bind numerous items from  building materials to automotive parts 
[Slavinsky, 2006]. Radiation induced crosslinking also has many financial benefits 
over solvent and water based coatings: namely reduced running costs and faster line 
speeds. These are due to the crosslinking being performed in line using a radiation 
source rather than through the use o f large energy inefficient dryers to evaporate the 
solvent or water w ith in  the coating or adhesive [Nunez et a l ,  1996].
The major difference between thermally cured (solvent or water based) and radiation 
cured coatings and adhesives is in  their formulation. Thermally cured coatings 
usually consist o f a resin and additives which are dispersed in a solvent or water to
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reduce the viscosity and allow the coating to be applied more easily. The term 
additives covers any additional ingredients added to increase the characteristics of 
the product such as pigments, ultraviolet blocking agents and corrosion inhibitors 
[Slavinsky, 2006]. A fter application, the solvent or water is removed by evaporation 
leaving the remaining molecules to coalesce by inter-diffusion. Chemical reactions 
may at this stage form  crosslinks between the molecules, creating a harder more 
durable film  or adhesive. Radiation cured coatings and adhesives by comparison 
contain m ultifunctional monomers and polymers that form  low molecular" weight 
chains. Often added to these compounds are reactive species (or initiators) which 
in itiate chain reactions that polymerise and crosslink the polymer chains [M alik,
2001]. Again, additional ingredients may be included to ta ilo r the physical 
characteristics o f the coating or adhesive to those required.
Radiation curing may be divided into two different mechanisms: ligh t induced 
polymerisation usually involving a source o f ultraviolet (UV) ligh t and Electron 
Beam (EB) curing using a source o f high energy electrons. It is noted that some 
authors such as Roffey (1997) refer to these processes as photocuring and radiation 
curing respectively; however in  this study the more generic term o f radiation curing 
w ill be used. U V  cured coatings and adhesives typically consist o f either epoxide or 
acrylate polymers. These react poorly w ith U V  and produce inadequate amounts o f 
crosslinking under irradiation [Decker, 1996]. Additional highly reactive 
photoinitiators are therefore added to tlie form ulation to rapidly produce high 
numbers o f polymerisation reactions. W ith an EB-curable system, the high energy 
electrons and/or secondary x-ray photons directly break bonds w ith in  the polymers, 
which may then go on to create crosslinks and chain extensions. They therefore 
contain 100% solids w ith polymers, monomers and other additives, but no 
photoinitiator. The advantage o f using an EB-curable system is due to the larger 
penetration depth o f the electrons resulting in  curing o f coatings and adhesives that 
may be a few centimetres thick [Nunez et al., 1996; Webster, 1997]. U V  photons 
may become attenuated in  thicker coatings producing an inhomogeneous depth o f 
cure. However, since U V systems are often simpler and cheaper to run, they find 
preference over EB systems in  the curing o f thin film  coatings and adhesives where 
depth o f cure is not an issue.
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Radiation cured pressure sensitive adhesives may be further subdivided into two 
categories: those which can be coated at room temperature (RT-coatable) and those 
which only flow  at elevated temperatures (hot melt). RT-coatable adhesives are 
formulated w ith lower molecular weight polymer chains which jo in  up to increase 
the effective chain length and hence molecular weight after irradiation. This 
improves the mechanical properties o f the adhesive [M alik, 2001]. Hot melt 
adhesives have higher molecular weight polymer chains which tend to form  
crosslinks when cured leaving a rig id  inter-polymerised network, Figure 2.1.
Irradiation
>
Irradiation
>
Figure 2.1: Medium to high molecular weight polymer chains forming crosslinks at reactive 
sites under irradiation (Top), and low molecular weight polymer chains undergoing chain 
extension reactions under irradiation (Bottom).
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2.2 Radiation induced polymerisation
2.2.1 Free Radical and Cationic Polymerisation
U V curing describes a process which typically transforms a m ultifunctional 
monomer into a crosslinked polymer by a chain reaction initiated by reactive species. 
These may be free radicals or ions that are generated by U V irradiation. Most 
monomers do not produce in itia ting species w ith sufficiently high yields when 
exposed to UV, so a photoinitiator is added to the form ulation [Decker, 1996]. An 
effective in itia tor is a molecule which, when subjected to heat, electromagnetic 
radiation or chemical reaction w ill readily undergo hom olytic fission producing 
reactive species or free radicals [Cowie, 1991]. These species must also be stable 
long enough to react w ith a monomer and create an active centre. The main 
advantage o f using UV to in itiate the reaction is due to the very high polymerisation 
rates that occur under intense irradiation, transforming the monomers from  the liqu id 
to solid phase in  a matter o f seconds.
There are two classifications o f UV-curable resins which are separated by their 
polymerisation mechanism: photoinitiated free radical polymerisation o f monomers, 
mainly acrylates or polyesters and photoinitiated cationic polymerisation o f epoxides 
and v iny l ethers [Decker, 1996]. It is also possible to combine these to form  so 
called hybrid UV-curable resins which employ both mechanisms [Perkins, 1981; 
Decker et a l ,  2001]. Free radical systems may be further classified according to the 
nature o f the photoinitiating reaction. Irradiation o f aromatic carbonyl compounds 
may cause the hom olytic cleavage o f a C-C bond generating a pair o f free radicals, 
show in  Figure 2.2. The benzoyl radical is the major contributor to the 
polymerisation chain reaction, though the second radical may also contribute to the 
polymerisation reaction [Andrzejewska, 2001].
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R R
7—  C —  C —  R i = = >  i  C  ‘C —  R
II I \ = /  II I
O OH O OH
Figure 2.2: An example of a photo cleavage reaction. The C-C hond in the molecule undergoes 
scission when the molecule absorbs a photon of UV light creating two free radicals: a benzoyl 
radical and an a-hydroxyalkyl radical, both of which can react with an acrylate double bond. R 
corresponds to either a H  or CH 3 group [Decker, Nguyen Thi Viet et al., 2001].
The second mechanism is the generation o f free radicals by hydrogen abstraction 
from  a H-donor molecule. These systems usually contain an aromatic ketone such as 
acetophenone or benzophenone and a molecule containing a weak covalent bond, 
sometimes called a coinitiator, bound onto the polymer backbone. U V irradiation 
excites the carbonyl group in, fo r example the benzophenone, creating a biradical. 
Abstraction o f the hydrogen atom from  the coinitiator then leaves a ketyl and a 
carbon-centred radical which can jo in  together to form  a crosslink between the two 
polymer chains [Scherzer et al., 2002a]. This process is depicted in Figure 2.3.
A A A /y W W V W /W W W \ A A /V y W W W W W W V A
R R
H - C - H0 =  0
UV
= >  H O - C C - H
Figure 2.3: A H-donor molecule and a benzophenone molecule on different polymer chains 
(backbones). UV irradiation excites the carbonyl group in the benzophenone. A hydrogen atom 
is then abstracted from the donor molecule and joins the oxygen atom on the benzophenone, 
leaving two radicals which can join together creating a carhon-carhon bond and a crosslink 
between the two polymer chains [Czech, 2007].
These reactions only occur during illum ination by U V ligh t w ith  benzophenone 
being predominantly initiated w ith photons from  the UVC part o f the 
electromagnetic spectrum [Ranby et a l ,  1999]. Once the radiation source is 
switched off, no more in itia ting species are generated and the polymerisation chain 
reaction quickly stops. This allows precise control over tlie extent to which the
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polymer is crosslinked and hence the degree o f cure. However, i f  the requirement 
fo r the end product is to maximise the number o f crosslinks, free radical 
polymerisation may prove to be inefficient due to the high numbers o f U V photons 
needed. Increasing the U V dose in  industiia l applications is possible by increasing 
the number o f lamps therefore increasing energy use, or by reducing the line speed 
and hence reducing overall productivity, neither o f which are desirable.
Cationic cure mechanisms offer an alternative process since their curing mechanism 
can continue after exposure to U V  ligh t -  so called dark cure. Cationic initiators are 
salts which upon iiTadiation split to form  a strong protonic acid and a base molecule. 
This protonic acid can then react w ith  oxygen rich centres, such as epoxides, to 
create crosslinks and chain extensions. The chemical reaction can occur long after 
the in itia l irradiation, due to the fact that once the acid has protonated an epoxide, the 
molecule is able to fo llow  two reaction routes. F irstly, the protonated epoxide 
molecule can react w ith  an alcohol, which i f  both groups ai’e part o f separate polymer 
chains w ill jo in  the two chains together. The result o f this reaction is the formation 
o f another acid molecule. This new acid molecule is then free to protonate another 
epoxide molecules therefore repeating the process. Secondly, any protonated 
epoxide can jo in  w ith another epoxide molecule, which w ill create a crosslink i f  the 
epoxides are part o f separate polymer chains. Since the reactions are independent o f 
U V  dose, the same degree o f cure can be obtained for very different in itia l U V  
exposures [Scherzer et ah, 2002a].
2.2.2 Photoinitiation
The formation o f excited species occurs via the photoinitiator absorbing the incident 
U V  radiation in  accordance w ith the Grotthus-Draper law o f photochemistry [Roffey, 
1997]. This law states that only ligh t absorbed by a molecule could produce 
photochemical change in  the molecules. However, w ith the development o f quantum 
theory and the realisation that radiation would be absorbed in  quantised energy 
packets; Johannes Stark and A lbert Einstein independently suggested that i f  a species 
absorbs radiation, then one paiticle is excited fo r each quantum o f radiation 
absorbed.
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Radiation absorption by the photoinitiator (PI) requires that an emission line from  the 
radiation source overlap w ith  an absorption band o f the photoinitiator. In this event, 
the photoinitiator is raised to an electronically excited state, PI* by promotion o f an 
electron to a higher energy orbital. Absorption at longer wavelengths usually leads 
to the excitation o f vibrations or rotations o f the molecule in  its ground electronic 
state [Wayne, 1988]. E lectronically excited state species may be characterised by 
their orbital nature, such as n, #*or tt, tt*, their spin m ultip lic ity, such as singlet (S) or 
trip le t (T), and their energy level, fo r example Si or T2, corresponding to firs t excited 
singlet and second excited trip le  state respectively [Pappas, 1992]. The in itia tion o f a 
photoinitiator leads to a covalent chemical bond rupture creating either free radical or 
ionic intermediates.
The life tim e o f PI is short; Cosa (2004) quotes a value o f 25 ps fo r benzophenone. 
During this time there are several processes whereby the excited species may 
undergo energy degradation: first, it  may decay back to PI, w ith the emission o f ligh t 
and/or heat. Secondly the excited state may be quenched by molecular oxygen, a 
monomer or other quenching agent. F inally the excited species may undergo a 
chemical reaction yielding initiated species which may or may not lead to further 
reactions. The state diagram fo r the excitation o f a benzophenone photoinitiator 
molecule is presented in Figure 2.4.
'w/lO** sec” 
0%5x(n,7T*) .
74kcal/mole 100%
69kcal/mole
<  10’ sec” ^ \  \10® sec” ' (calc) 1 0 % /  /9 0 %
Figure 2.4: State diagram for benzophenone at 77° K  [Turro, 1967].
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Absorption o f a suitable U V photon excites the benzophenone molecule to a singlet 
excited state. Radiative decay from  this excited state to the ground state can 
theoretically occur via fluorescence shown by a wavy aiTOW  on the state diagram. 
However, this is unlikely as the singlet state is usually converted by intersystem 
crossing in  seconds into the relatively long lived excited trip le t state. The
life tim e o f this state is sufficient to allow the excited species time to collide w ith 
other atoms and abstract hydrogen atoms in  surrounding monomers. Figure 2.4 
shows that in the absence o f suitable hydrogen donor molecules, the trip le t state w ill 
decay to the ground state either radiatively via phosphorescence (90% occunence) or 
via intersystem crossing (10% occurrence).
2.2.3 Propagation
The free radicals generated fo llow ing hydrogen abstraction by trip le t state 
benzophenone react w ith  unsaturated groups such as the acrylate or methacrylate 
double bonds o f the monomers, oligomers or pre-polymers. North (1966) defines the 
propagation step o f polymerisation as the addition o f a free radical, containing at 
lease one monomer unit, to the double bond o f a monomer molecule. The product o f 
the reaction is always a free radical containing one monomer more than the reacting 
free radical. Subsequently, propagation allows the creation o f both long chain 
polymers and highly crosslink networks. Controlling this step, therefore allows exact 
ta iloring o f many o f the physical properties o f the polymer.
There are only a lim ited number or propagation reactions available to free radical 
species: abstraction, addition and elim ination and reaiTangement. The abstraction 
reaction takes place when a free radical attacks an atom and displaces a different free 
radical species from  this atom. I t  was described in  Section 2.2.1, w ith reference to 
benzophenone abstracting hydrogen from  donor molecules. Addition and elim ination 
occurs when free radicals add to the electron system o f an unsaturated compound 
yielding an adduct free radical, shown below [Huyser, 1970].
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H Ri H Ri
I I  I I
X* + C =  C '==> X — c — c*
I I  I I
H Rg H Rz
Certain free radical species undergo a rearrangement reaction in which a whole
group migrates from  one atom to an adjacent atom on the molecule which is the free
radical site.
H Ri H Ri
I I  I I/vww\ Y — C — C* I ^ *Q — Q — Y
I I  I I
H Rz H Rz
These rearrangements are more common in  reactions involving cationic 
intermediates than in  free-radical reactions [Huyser, 1970].
2.2.4 Termination
In theory, the chain reaction could continue to propagate un til a ll o f the monomer in 
the system has been consumed. However, free radicals are particula iiy reactive 
species and interact as quickly as possible to form  inactive covalent bonds. This
results in  short chain lengths being produced i f  the radical concentration is high,
since the probability o f radical interaction is correspondingly high [Cowie, 1991].
Termination o f chains can take place a number o f ways: F irstly two active chain 
ends may interact. This bimolecular interaction can result in  chain termination 
through two possible routes [Huyser, 1970]:
a) Combination: where two chain ends couple together to form  one longer chain
H H H H
I I  I I
c — C* + ’c — c  
I I  I I
H H H H
/WWVS ‘ /WVWN
H1 H1 H1 H11
c —1
1
c — 1
1
c — 1
1
11
H
I
H
I
H
I
H
b) Disproportionation: w ith  hydrogen abstraction from  one chain to produce an 
unsaturated group and two dead polymer chains [Cowie, 1991].
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CHg
I
CHs — C*
CHg
I
+ *C — CHz
CHg
I
CH =  C
CHa
I
+ CH — CHz""^
COOCH3 COOCH3 COOCH3 COOCH3
Secondly, an active chain end may interact w ith a second in itia tor radical, thus 
terminating both reactive groups. Third ly, the chain may terminate by transfening 
the active centre to another molecule which may then react w ith a monomer or 
polymer that forms a separate chain. F inally, the radical may interact w ith inhibitors 
or molecular" oxygen which quenches the reaction.
2.2.5 Crosslinking and network formation
There are three ways in  which polymer networks propagate w ith  free radical induced 
polymerisation. These are depicted in  Figure 2.5 and summarised here: Monomer 
molecules may become incorporated into polymer chains w ith pendant bonds, shown 
by v iny l molecules attached to a backbone. Additional monomers may then jo in  to 
the chain extending it  further (path a). A lternatively a radical may jo in  to one o f the 
pendant bonds attached to its own polymer chain. This is known as a cyclisation 
reaction and leads to the formation o f small compact ring structures, or microgels 
[Andrzejewska, 2001] (path b). Finally, the radical may jo in  to a v iny l molecule 
attached to an adjacent polymer chain creating intermolecular crosslinks (path c).
a)
b) / \ / \ / ^ OR
C)
- d iv in y l m o n o m e r  -  2 C H 2
- r a d ic a l  e n d
Figure 2.5; Network formation process, a) polymer chain propagation by addition of monomer 
molecules, b) intramolecular bonding through a cyclisation reaction, c) intermolecular 
crosslinking leading to network formation. Adapted from Andrzejewska (2001).
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The frequency o f chain extension reactions can be lim ited through the use o f higher 
molecular weight polymer chains prior to U V  radiation. This increases the ratio o f 
pendant bonds to chain ends, so that paths (b) and (c) in  Figure 2.5 become the 
dominant reactions. Cyclisation also appears to be more reactive than intermolecular 
crosslinking due to the higher concentration o f pendant bonds on the same chain in 
the v ic in ity  o f the radical site. This leads to extensive formation o f ring structures 
which can trap unreacted pendant bonds reducing the amount o f crosslinking and 
hence reducing the extent o f network form ation [Andrzejewska, 2001]. The 
formation o f these ring structures creates network inhomogeneity, which can reduce 
the mechanical strength o f the polymer network when compared to a homogenous 
network. This problem may be overcome by reducing the fle x ib ility  o f the polymer 
backbone and by including additional reactive groups w ith in the formulation. 
However, the problem o f radical trapping during network form ation cannot be 
completely eliminated so that the population o f radicals fo llow ing U V  irradiation can 
be classified into three groups: (i) free radicals that are not attached to any part o f the 
network; (ii)  radicals attached to a loosely crosslinked portion o f the network so that 
they are spatially restricted but s till mobile; and ( iii)  trapped radicals that are 
surrounded by dead polymer chains and unable to react further [Kurdikar and 
Peppas, 1994].
In reality, topological constraints and gelation lim it the conversion o f double bonds 
to below 100%. As a result, fu lly  cured networks can only be formed w ith  oligomers 
that have relatively long flexib le  sections between functional groups [Jager, Lungu et 
al., 1997]. The density o f crosslinks w ith in the material largely affects the 
mechanical properties; structural adhesives and coatings typically require as high 
crosslink density as possible, where as crosslink densities in  PSAs can be more 
variable. A  relatively high crosslink density provides high cohesive strength but to 
the detriment o f tackiness. A  greater degree o f control is therefore needed in  the 
form ulating and curing o f PSAs to achieve the desired fina l product.
The crosslinking mechanisms outlined above have concentrated on chemical 
reactions to form  junctions w itliin  a network. Consequently, these are termed 
chemical crosslinks. However, physical crosslinks between two or more polymer 
chains may also be present. These may occur by temporary or trapped chain
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entanglements or junctions from  strong hydrogen and ionic bonds [L itv inov and De,
2002]. A ll o f these mechanisms lead to the fina l network structure having a complex 
topology. An example o f a model network structure is shown in Figure 2.6. 
Inhomogeneities w ith in the network can lead to failure o f the material; chemical 
crosslinking can lead to a non-uniform distribution o f network junctions, polymer 
chains le ft unattached to the network, dangling chain ends and closed loops. The 
type o f chemical network junction may also affect mechanical properties. Although 
physical network junctions can also have an affect on the material, unlike chemical 
crosslinks they may reverse over time.
Figure 2.6: Model network structure: a) Dangling polymer chain end. b) chemical crosslink, c) 
inter-crosslink chain, d) Free, low molecular weight chain, e) Physical cross-link or 
entanglement, f) Closed ring structure. Adapted from Blumler and Blumich (1997).
2.3 Influence of Oxygen
Any acrylic resin inevitably contains oxygen as O2 molecules w ill diffuse from  the 
atmosphere into the polymer during form ulation. The presence o f this oxygen has a 
detrimental effect on the photopolymerisation reaction and can lead to; (i) an 
induction period, (ii) a reduced rate o f polymerisation (crosslinking), and ( iii)  an 
incomplete consumption o f unsaturated functionalities [Hageman, 1989]. The O2 
molecule rapidly scavenges any in itia ting radicals, reducing their effective quantum 
yield [Andrzejewska, 2001]. Furthermore, the O2 reacts w ith carbon centred radicals 
to form  peroxyl radicals which are much less reactive towards the acrylate double 
bond and therefore do not in itiate polymerisation. The peroxyl radicals may also 
abstract hydrogen from  the polymer backbone, generating hydroperoxides that could
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terminate any polymerisation reactions [Studer et a l ,  2003a]. Consequently an 
additional amount o f photoinitiator and U V flux  is required to consume the O2 
dissolved in  the resin as w ell as the O2 diffusing into the sample.
The major factors affecting the degree o f influence from  the oxygen include the O2 
content o f the atmosphere during curing, the thickness o f the coating or adhesive, the 
duration o f the polymerisation reaction and the viscosity o f the acrylic resin. O2 can 
easily be excluded from  the atmosphere by curing w ith in an inert environment, 
typically through the use o f nitrogen or carbon dioxide [Studer et a l ,  2003a; Studer 
et a l ,  2003b; Scherzer et a l ,  2005a]. However, this may introduce practical 
restraints and reduce the range o f industrial applications for the product.
The O2 reactions occur predominantly at the air interface where the concentration o f 
O2 is at its highest. As a result the effect o f oxygen inhib ition is most pronounced in 
the U V curing o f thin film s due to an unfavourable surface to volume ratio which 
creates optimal conditions fo r O2 diffusion. Nevertheless, providing the depletion o f 
O2 occurs faster than the rate o f ingress o f atmospheric O2 then polymerisation w ill 
s till occur regai'dless o f film  thickness. To maximise the efficiency o f the 
polymerisation reaction it  is typical to create a high number o f in itia ting radicals in  a 
short time to minimise the amount o f O2 diffusion from  the atmosphere. This may be 
performed through the use o f as high intensity U V sources as possible.
The rate o f O2 diffusion from  the atmosphere is also dependent on the viscosity o f 
the acrylate resin. As the viscosity increases, such as through crosslinking, the rate 
o f diffusion decreases [W hite et a l ,  1989; Decker and Decker, 1997]. Consequently, 
as the acrylic resin cures the influence o f oxygen reduces. The effect o f temperature 
on O2 diffusion is also related, as the viscosity decreases when the acrylic resin is 
heated. Studer et al., (2003a) suggested that under these conditions, oxygen can 
diffuse into the polymer at a faster rate and a greater retardation o f the 
polymerisation reaction w ill be seen.
2.4 Measuring the polymerisation reaction
In order to fu lly  understand a radiation cured PSA, it  is necessary to gain knowledge 
o f the crosslinking mechanisms and their affect on the form ation o f an inter-
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crosslinked network. Awareness o f the network topology enables mechanical 
properties to be related to the curing chemistry and therefore allows the adhesive 
chemist to ta ilor an adhesive form ulation to achieve the desired characteristics. The 
methods used to analyse the polymerisation reaction can be subdivided into those 
which fo llow  the chemical reaction, such as spechoscopic methods and those which 
relate to the study o f physical properties relating to the formation o f a crosslinked 
network, such as polymer swelling and mechanical analysis. This section brie fly 
reviews the more common techniques used to measure the degree o f cure w ith in 
radiation cured adhesives and coatings.
2.4.1 Measuring chemical properties
One o f the most common methods fo r analysing the chemical compositions of 
adhesive polymers is by probing molecular vibrations using Fourier Transform 
Infraied (FTIR) Spectroscopy. The technique involves the detection o f the infraied 
absorption wave number corresponding to a specific functional group w ith in the 
polymer. In photoinitiated U V curing systems, the absorption wave numbers o f 
interest are typically that o f the C=0 bond in  benzophenone [Scherzer et al., 2002a; 
Do et a l ,  2008] or the C=C stretching or tw isting vibration o f the acrylate monomer 
[Patacz et a l ,  2001; E llio t et a l ,  2003; K ilam bi et a l ,  2007; Bowman et a l ,  2009]. 
As the polymerisation reaction occurs and the double bonds are converted, the signal 
in  this part o f the spectrum diminishes. FTIR spectroscopy is able to provide a rapid 
and quantitative measurement o f the conversion o f these functional groups and can 
therefore be used to monitor curing processes which occur in fractions o f a second. 
Recording double bond conversion versus irradiation time yields important 
parameters such as polymerisation rate and extent o f fina l cure. Subsequently, the 
technique is able to provide a fu ll overview o f the formation o f inter-crosslinked 
polymer networks [Decker et a l ,  2001].
FTIR spectroscopy has been w idely applied to a number o f different acrylic and 
hybrid systems used in PSAs [Scherzer and Decker, 1999; Scherzer et a l ,  2002a; Do 
et a l ,  2008], highly crosslinked coatings [Decker, 2002; E llio t et a l ,  2003; Wang et 
a l ,  2009] and dental resins [K ilam bi et a l ,  2007; Bowman et a l ,  2009]. The 
technique is w ell suited to analysis o f coatings which require high crosslink densities 
as the rate o f photopolymerisation and percentage o f unreacted monomer are easily
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measured. Modern instruments allow the acquisition o f m ultiple spectra in  rapid 
succession allow ing polymerisation to be followed in  real-time. Decker (2002) used 
this method to investigate the effects o f post-polymerisation or dark cure in  an 
acrylate coating immediately after irradiation. This coating was initiated by 
monochromatic laser ligh t which provides a high yield o f reactive species resulting 
in  complete cure (90% acrylate conversion) o f the coating w ith in 2 seconds. The 
ab ility to acquire 60 spectra per second, allowed the author to fo llow  this reaction 
continuously. Furthermore, the polymerisation reaction was seen to continue after a 
short irradiation o f only 50 ms converting 75% o f the acrylate monomers after 2 
seconds. This was seen as evidence that the m ajority o f the crosslinking in  the 
coating occurs in  the dark. K ilam bi, et al. (2007) also observed extensive double 
bond conversion in the dark w ith in  their synthesised dental resins using real-time 
FT IR  spectroscopy.
Scherzer, et al. (2002a) investigated the effect o f irradiation regime on curing w ith in 
a PSA using FTIR spectroscopy. The authors measured the conversion o f the C=0 
bond o f the benzophenone photoinitiator and found that iiTadiation w ith  equal U V 
doses resulted in equal conversion regardless o f whether continuous or pulsed 
irradiation was used. Real-time measurements using 2 second long U V  pulses w ith a 
2 second interval between each one, clearly demonstrated that the reaction takes 
place only during iiTadiation. In  addition, the authors reduced the U V intensity using 
neuti'al density filters and were able to show how the rate o f tlie  benzophenone 
conversion was slowed down. In  a recent publication on tackified PSAs, Do, et al. 
(2008) used FTIR spectroscopy to study the curing behaviour o f various 
acrylate/hydrogenated rosin blends. This study also measured the conversion o f the 
C=0 bond o f benzophenone and the authors found that the degree o f conversion was 
inversely proportional to the tackifier concentration. This was attributed to the 
tackifiers swelling the polymer and therefore increasing the distance between 
functional groups which decreases the efficiency o f the curing reaction.
A  sim ilar, but less w idely used spectroscopic technique known as Raman 
spectroscopy is based on radiation being scattered inelastically due to molecular 
motion and vibration. The scattered radiation has a frequency shifted from  that o f the 
incident radiation. Subsequently, the vibrations associated w ith each functional group
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w ith in a polymer produce a peak at a corresponding Raman shift or wave number. 
The technique is analogous to FT IR  and produces a similar* spectrum o f molecular 
vibrations from  functional groups present in a sample. Raman spectroscopy has also 
been applied to the study o f highly crosslinked U V cured coatings [Schrof et a l ,  
1999; Nichols et a l ,  2001; Seubert and Nichols, 2004; Cai and Jessop, 2006]. 
Seubert and Nichols (2004) suggest that the acrylate double bonds produce a stronger 
absorption in  the Raman spectra than in  the infrared spectrum and therefore the 
technique is better suited to studying U V cured coatings than FTIR spectroscopy. 
Their own work used Raman spectroscopy to obtain percentage acrylate C=C bond 
conversion in  UV curable clearcoats used in  the automotive industry. The authors 
obtained Raman spectra from  the top 2-3 pm and bottom 2-3 pm (by turning the film  
over) in  film s irradiated by different curing methods used in industrial applications. 
As w ith FTIR spectroscopy, the technique was shown to be sensitive to small 
changes in  the coating.
U ltraviole t curing may also be measured using fluorescence. The orig in o f the 
fluorescence emission is either from  molecules w ith in  the adhesive or more typically 
from  a compound chemically linked to the form ulation known as a fluorescence 
probe or label [Peinado et a l ,  2001; Bosch et a l ,  2002]. Both temperature and 
viscosity o f the local environment influence the motion o f the probes and therefore 
alter the emission [Peinado et a l ,  2002]. Since the emission efficiency increases 
w ith viscosity, the progress o f the polymerisation reaction can be studied by an 
increase in  emission. The major commercial advantage o f fluorescence is that it  may 
be used to monitor the curing reaction in-line, which provides a method o f process 
control. Peinado, et a l  (2002) used fluorescence to monitor photoinitiated 
polymerisation in situ and concluded that the method is a powerful tool to study the 
kinetics o f the reaction. However, a correlation between fluorescence emission and 
conversion o f the functional groups must be known to directly relate the intensity o f 
emission w ith degree o f cure. Consequently, FTIR spectroscopy is often used as a 
means o f calibrating the fluorescence experiment. It has also been noted that the 
sensitivity o f some fluorescence probes decreases w ith increasing temperature so the 
technique is best suited to measurements o f U V  curing at room temperature [Peinado 
et a l ,  2001]. A  further potential problem w ith this method is that the fluorescence
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probes are expensive and may interfere w itli the mechanical properties o f the 
adhesive [Scherzer et a l ,  2005b].
Recently, Scherzer et a l  (2005a;2005b) have performed in-line monitoring o f a 
photopolymerisation reaction using Near Infrared (NIR) spectroscopy. The 
technique uses sim ilar principles to FTIR spectroscopy but is lim ited to the 
functional groups it  can measure. In  acrylate coatings this is typically the C-H 
stretching vibration o f the methacrylate [Scherzer et a l ,  2005a]. One o f the 
advantages o f N IR  over standard FTIR and Raman spectroscopy is the ab ility to 
measure the bulk conversion over a much thicker sample. Lovell, et a l  (2003a) and 
Love ll and Bowman (2003b) applied the technique to the measurement o f dental 
resins 4 mm in thickness. As w ith tlie  other optical spectroscopy methods, N IR  
allows the determination o f polymerisation rate constants and total conversion 
percentage.
2.4.2 Measuring physical properties
Perhaps one o f the most w idely used methods fo r studying physical transformations 
w ith in  curable coatings is D ifferentia l Scanning Calorimetry (DSC). The technique 
observes the minute differences in  heat flow  between the sample and a reference to 
indicate phase transformations such as crystallisation or crosslinking. DSC monitors 
the polymerisation rate o f the entire sample rather than the conversion o f a specific 
functional group. The technique is therefore unable to differentiate between the 
conversion o f different functional groups in  the same way as FTIR and Raman 
spectroscopy [Cai and Jessop, 2006]. However, knowledge o f the overall 
polymerisation rate o f an adhesive or coating provides an insight in  the efficiency of 
the reaction. Peinado, et a l  (2002), Lovestead, et a l  (2005), Nowers and 
Narasimham (2006) and Wang, et a l  (2009) a ll used DSC to m onitor the 
photopolymerisation o f acrylate and hybid acrylate/epoxide systems. The reaction 
heat liberated in  the polymerisation is directly proportional to the number o f acrylate 
groups used in  the system. By varying photoinitiators and monomer concentration, 
the autliors o f these studies were able to easily compare the performance o f each 
form ulation. These results can be verified by measurements o f changes to the 
chemical composition using fluorescence [Peinado et a l ,  2002] or FTIR 
spectroscopy [Wang e ta l ,  2009].
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D ifferentia l scanning calorimetry is also used to record phase changes w ith in 
adhesives and coatings by measuring the glass transition temperature, Tg [Charton et 
a l ,  2007; Do et a l ,  2008]. Below the Tg, polymers can be described as being in a 
glassy state. Above the Tg, polymers become soft and can undergo plastic and elastic 
deformation. Tg is therefore an indirect indication o f the molecular dynamics w ith in 
a sample. These in turn, depend on the nature and size o f groups w ith in  the 
molecule. During crosslinking, monomers and polymer chains are gradually 
incorporated into the growing network un til the Tg o f the system is reached and 
v itrifica tion  sets in. I f  the ultimate Tg o f the system is w ell below the reaction 
temperature, a ll o f the functional groups get chance to react and v itrifica tion  does not 
occur [Lange et a l ,  1999]. In  their study. Do et a l  (2008) looked at the affect 
adding tackifiers had to the Tg o f different PSAs. M ic ib ilty  between tackifier and 
acrylate polymer in synthesised blends was shown by a single Tg. The occurrence o f 
phase separation in the form ulation would have shown two Tgs; one fo r the PSA and 
one fo r the tackifying resins. Chaiton, et a l  (2007) used DSC to investigate 
molecular m obility is methacrylates used in dental composites. The authors showed 
that the more mobile a monomer is, the longer it  takes to v itr ify  under constant 
irradiation. A  higher degree o f conversion can therefore be achieved w ith more 
mobile monomers.
Although DSC can provide useful inform ation relating to polymerisation reaction 
kinetics, it has a lim ited application to the study o f many radiation curable adhesives 
due to a long response time. This means that it  is not possible to m onitor reactions 
which occur w ith in less than 10 seconds. It also requires prior knowledge o f the 
enthalpy o f the curing reaction to calculate the conversion o f the functional groups 
from  the measured heat release. [Scherzer and Decker, 1999].
Another useful method o f analysing the mechanical properties o f adhesives and 
coatings, which can also measure Tg is Dynamic Mechanical Analysis (DM A). This 
technique is typically used to measure the viscoelastic nature o f polymers. The 
degree o f cure or crosslinking w ith in  an adhesive is evident by changes to the 
viscosity and elastic modulus and can therefore be measured by a dynamic 
mechanical analyser in  extension mode. In  comparison to DSC, D M A allows the
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determination o f crosslink density by measuring the storage modulus in the rubbery 
plateau w ith absolute temperature [Seubert and Nichols, 2004; Cai and Jessop, 2006; 
K ilam bi et a l ,  2007]. In each o f these aforementioned studies, the crosslink density 
was compared to conversion o f functional groups using either FTIR or Raman 
spectroscopy. The Tg o f the polymer is calculated by measuring the viscoelastic 
response over a suitable temperature range. However different methods for 
measuring Tg and different acrylic, hybrid acrylate/epoxide materials show a 
different response o f Tg fo llow ing polymerisation. E llio t, et a l  (2003) report that the 
Tg o f their acrylic coating increases w ith  crosslink density due to more energy being 
required fo r the system to become rubbery. By comparison, Bowman, et a l  (2009) 
report a decrease in  Tg w ith increased crosslink density in an acrylic based dental 
composite, and no change in  Tg was seen in  different crosslinked dental resins 
[Lovell and Bowman, 2003b] or automotive clearcoats [Cai and Jessop, 2006].
Additional tests o f physical properties used in  the study o f adhesives include 
mechanical testing such as tack and peel tests. Czech (2007) measured the tack, 
adhesion and cohesion as a function o f photoinitiator concentration in  acrylic PSAs. 
The tests were conducted by coating a 60 gsm coating onto polyester fo il and curing 
w ith a suitable U V  dose. Tack tests measure the resistance to peel at a 90° angle 
after being applied to a standard surface w ith  a 25 g roller. Tests are earned out 
using a tensile test machine. The in itia l 25 mm o f peel aie ignored and the degree o f 
tack is measured from  the force required to peel the remainder o f the tape [Duncan et 
a l ,  1999]. Czech (2007) found that the tack and adhesion fo r each o f the 
photoinitiators studied had a maximum value when the concentration was 1 - 
1.5 wt% and decreased significantly w ith higher concentrations. This would be 
expected as the high concentration o f photoinitiator would produce a high crosslink 
density which reduces the tack, as observed by Do, et a l  (2008). Higher crosslink 
densities also produce an increase in  cohesion w ith in  the adhesive as the polyrner 
network is more thoroughly linked.
2.4,3 Measuring the UV curing reaction at depth
To understand how the polymerisation reaction occurs throughout an adhesive layer 
in  order to compaie to mechanical test, it is necessary to measure the conversion of 
bonds as a function o f depth. Depth pro filing  may be performed using FTIR when
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spectra are recorded using Attenuated Total Reflectance (FT IR-ATR) [Scherzer, 
2002b]. This technique uses the depth o f penetration o f the IR  radiation into the 
sample. This depth is dependant on the refractive indices o f the ATR crystal and the 
sample and is typically lim ited to a few microns into the sample. The depth is 
therefore independent on total sample thickness. However, since U V irradiation 
occurs from  the top, the photons become attenuated as they pass through the sample. 
The intensity o f U V  ligh t and hence dose at a depth into the sample can be calculated 
using the Beer-Lambert law. Consequently, a depth profile can be created by 
varying the thickness o f the sample. Scherzer (2002b) and Scherzer, et al. (2002a) 
performed this experiment and found a marked gradient in  the conversion o f 
benzophenone w ith  depth. Homogenous cure throughout a 20 pm layer was 
achieved w ith sufficient U V  doses. As the depth o f penetration is dependant on the 
refractive index o f the ATR crystal, it  is therefore possible to measure depth profiles 
by using ATR crystals w ith  different refractive indices [D ietz et a l ,  1995]. 
However, this method is lim ited to only very thin adhesive layers due to a maximum 
depth o f penetration o f circa 20 pm.
As FTIR-ATR requires a number o f identical samples w ith increasing thickness to 
build up a depth profile, it  cannot tru ly be classed as spatially resolving the extent o f 
cure. Confocal Raman Spectroscopy (CRM) is an alternative method which 
combines the chemical inform ation from  vibrational spectroscopy w ith  the spatial 
resolution o f confocal microscopy. CRM allows non-destructive measurements to be 
made w ith  depth resolution w ithout any special sample preparation [Schrof et a l ,  
1999]. As w ith standard Raman spectroscopy, conversion rate o f double bonds 
during photopolymerisation can be measured. However, the focal point o f the laser 
is moved incrementally deeper into the polymer film , p ro filing  the polymerisation 
reaction. Lateral movement o f the focal point allows a fu ll 3-dimensional map o f 
conversion o f functionally groups to be made. One o f the few lim itations o f CRM is 
that it  only works fo r optically transparent samples. The maximum depth and spatial 
resolution achievable w ith the technique are dependent on the laser used but are o f 
the order o f a few hundred microns and 1 j.im, respectively.
In two studies, Schrof, et at. (1999;2001) used CRM to study the influence o f UV 
absorbing additives in  U V cured coatings. These additives were introduced to
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stabilise the polymer after cure and prevent degradation from  additional UV sources 
such as sunlight. CRM clearly showed the effects o f U V absorption w ith in a 200 pm 
coating, w ith  only 80% acrylate bond conversion in  the lowest region relative to the 
fu lly  cured upper regions. Furthermore, oxygen inhib ition was seen to retard cure in  
the top 6 pm, producing only 60% conversion compared to a depth o f 10-15 pm 
[Schrof et a l ,  1999]. The presence o f oxygen inhib ition was verified by repeating 
the measurement in  an inert atmosphere. Homogenous cure throughout the depth o f 
the coating was achieved by m odifying the form ulation to include amine groups 
[Schrof et a l ,  1999] and increasing the photoinitiator concentration to combat the 
U V stabilisers [Schrof e ta l ,  2001].
Cai and Jessop (2006) also observed the effects o f oxygen inhib ition in  the upper 
20 pm o f their methacrylate coating, again verified by a repeat measurement in a 
nitrogen atmosphere. This was overcome by creating hybrid acrylate/epoxide 
systems which can continue to polymerise after irradiation and increasing the 
photoinitiator concentration. A  recent demonstration o f the effectiveness o f CRM 
depth pro filing  was given by Marton, et a l  (2005) w ith the study o f network 
formation during the drying o f alkyd coatings incoiporating unsaturated fatty acids. 
The authors measured the conversion o f unsaturated C=C bonds during oxidative 
drying o f a thin alkyd layer. Successive depth profiles recorded as a function o f 
time, showed C=C conversion to be preferential in  the lower regions o f a 40 pm film . 
Furthermore the profiles also show the formation o f a drying front throughout the 
layer, evident by a laige gradient in  conversion as a function o f depth and a skin 
layer at the surface. Although this material is very different to radiation cured 
adhesives, this study shows how sensitive CRM can be to chemical changes at depth 
w ith in a thin film  sample.
2.4.4 Magnetic Resonance measurements
Nucleai' Magnetic Resonance (NMR) -  the principles or which are discussed in 
Chapter 3 -  offers unique methods which can non-destructively measure changes 
relating to the physical properties w ith in  transparent or opaque polymeric materials. 
D ifferent NMR observable parameters relate to the density and m obility o f spin 
active nuclei incoiporated into monomers and polymer chains and can therefore be 
used to probe the microstiucture o f radiation cured adhesives.
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The phenomena o f NMR was firs t demonstrated in 1946 by two independent groups; 
one led by Felix Bloch at Stanford working on liquids [Bloch et a l,  1946] and one 
led by Edward Purcell at Harvard working on solid materials [Purcell et a l,  1946]. 
Shortly afterwards it  was suggested that NM R could be used to measure molecular 
motions as self-diffusion influences the amplitude o f spin echoes (see Section 3.7.2) 
[Hahn, 1950]. Over the subsequent years, various techniques were developed to 
study molecular motion and structure resulting in the firs t commercially available 
solution state spectrometer towards the end o f the 1950’s. As an NM R measurement 
is specific to a chosen nucleus and provides information on the local electron 
distribution w ith in a molecule through the chemical shift, high resolution NMR 
spectroscopy is now a routine and essential tool fo r chemical analysis.
In  1973, two papers were published introducing the idea o f spatially resolving the 
NM R signal through the use o f magnetic fie ld  gradients [Lauterbur, 1973; Mansfield 
and Grannell, 1973]. This mai'ked die birth o f what is now known as Magnetic 
Resonance Imaging (M RI). Lauterbur (1973) introduced the idea o f applying a 
linear magnetic fie ld  gradient to spread the resonant frequencies o f the nuclei w ith in 
the sample, such that their frequency was dependent on their position in the fie ld  
gradient direction. This is known as frequency encoding. M ultidim ensional images 
could be obtained by recording profiles in  different directions and reconstructing 
using methods analogous to x-ray computer tomography. Just as the two original 
discoveries in 1946 could be separated into measurements in  the liqu id  and solid 
state, so too could these firs t two M R I papers. Mansfield and Grannell (1973) 
applied the same frequency encoding methods as Lauterbur, albeit w ith  a more 
substantial formalisation, to the study o f camphor. Solid materials have 
characteristically broad line shapes so either very strong fie ld  gradients are required 
to separate resonances from  different locations in space or m ultiple pulse line 
naiTOwing sequences are required. Consequently, liquid state measurements 
dominated the early days o f M R I due to the sim plified acquisition methods and the 
drive to create a safe, non-invasive medical imaging tool [McDonald, 1997]. In the 
last two decades advances in hardware and techniques have led to the wide 
application o f spatially resolved magnetic resonance to the study o f materials.
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Perhaps one o f the simplest solutions to the d ifficu lties o f imaging solid materials is 
Stray Field imaging or STRAFi [Samoilenko et a l,  1987]. The technique uses the 
strong permanent gradient in  the fringe fie ld  surrounding a super conducting magnet. 
In such a gradient even short radio frequency pulses excite nuclei in  only a narrow 
region or slice. Mechanically moving a sample through the fie ld  allows high spatial 
resolution measurements o f tire NM R signal. As w ith Lauterbur’s original 
experiments, multidimensional measurements are possible by rotating the sample and 
profiling along a different direction. More recently, the University o f Surrey 
developed a small permanent magnet w ith specially-shaped pole pieces to create a 
strong fie ld  gradient perpendicular to the main magnetic fie ld  [G lover et a l,  1999]. 
This magnet, termed GARField (Gradient A t Right angles to Field), has none o f the 
operating costs associated w ith a superconducting magnet needed fo r STRAFI and 
has a much more uniform  magnetic fie ld  over the sample area. Consequently, 
GARField is w ell suited to studying changes in  physical properties w ith in thin film  
samples.
Contrast in  MR images based on spin relaxation times ai*e easily obtained (Section 
3.7). This has proven to be one o f the most important advantages o f M R I over other 
imaging methods as it  introduces timescales covering more than eight orders o f 
magnitude [McDonald, 1997]. One o f the most convenient NM R parameters to 
observe is the spin-spin relaxation time, characterised by the time constant T2 . The 
mechanisms o f relaxation in  solids lead to a general tiend that more rig id  materials 
have shorter T2 times than in  mobile systems. As a consequence, spin-spin relaxation 
measurements can be applied to the analysis o f crosslink density, chain 
entanglements and physical junctions w ith in  polymers. A ll tlia t is required for 
spatially resolved measurements o f the NM R signal is a single value fo r each point in  
space. This may be either the intensity o f a single spin echo, the summation o f a 
chain o f echoes (such as the CPMG experiment described in  Section 3.7.2) or from  a 
mathematical function fitted to the decay o f the echo train. The intensity o f a single 
echo or the summation o f the firs t few echoes in  a train is directly proportionally to 
the density o f magnetic nuclei and therefore provides a measure o f the relative 
concentration o f the nuclei being observed. The signal in  the later echoes o f an echo 
train is much more weighted by the m obility o f the observed nuclei and provides 
inform ation on their local environment. However, fitting  the echo train decay w ith a
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suitable mathematical function provides the most inform ation as it  can yield m ultiple 
relaxation components along with>their associated amplitudes and rates.
The application o f NM R relaxation measurements to the study o f crosslinked rubbers 
is w ell known [Bergmann and Gerberding, 1981; Kuhn et a l,  1996; Blum ler and 
Blum ich, 1997; Borgia et a l,  2001] and references therein. The spin-spin re lax^o n  
decay is typically seen to contain two sepaiate components, one resulting from  the 
crosslinked network and tire other from  low  molecular weight species such as fille r 
particles and unreacted monomers. These studies infer crosslink density from  
relaxation measurements based on physical models o f network structure. As the 
crosslink density increases, the short T2 component attributed to the crosslinked 
network decays faster. An increase in  amplitude may also be observed i f  low 
molecular weight species are incorporated into the network. These results are known 
to correlate well to mechanical analysis [L itv inov and Dias, 2001; Chinn et a l,  
2006].
The ability to non-destructively infer changes to the network structure thr ough NMR 
relaxation times makes the technique useful fo r ageing and surveillance studies 
[Hafner and Barth, 1995]. Chein, et a l  (2000) and M axwell, et a l  (2003) 
investigated the effects o f y-radiation on silica fille d  polysiloxane composites. They 
found that degradation in the form  o f chain scissioning and material hardening could 
be detected by changes in  T2 relaxation. More recently, Herberg, et a l  (2006) and 
Chinn, et a l  (2003) have produced high resolution 3-dimensional images o f 
degradation in  silicone elastomers associated w ith changes in the crosslink density 
w ith in  the network structure.
Despite the obvious advantages o f NM R microscopy to the study o f crosslinked 
polymers, the technique has not been w idely applied to the study o f radiation cured 
acrylic adhesives. One o f the d ifficu lties o f using M R I to fo llow  changes to a 
material during U V curing relates to the ab ility to orientate the sample, such that it  
may be irradiated and measured in-situ. The GARField magnet offers the ideal 
geometry fo r these materials since thin film s can be irradiated from  above. 
GARField magnetic resonance pro filing  has been used extensively to study the 
drying o f water based coatings [Gorce et a l,  2002; McDonald and Keddie,; 2002;
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Bennett et a l,  2003] and to a lesser extent, photoinitiated crosslinking in  coatings 
[W allin  et a l,  2000; Hellgren et a l,  2001]. This work represents the firs t use o f 
GARField magnetic resonance to measure the degree o f cure at depth in  UV cured 
adhesives at ambient and elevated temperatures.
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Chapter 3
Principles of NMR
3,1 Nuclear Magnetic Resonance
Quantum theory states that nuclei possess inti'insic angular momentum, or spin, I 
which may only take certain discrete values. Therefore it  is said to be quantised. The 
magnitude o f the angular momentum is specified in terms o f a quantum number I  and 
is given by
l  = + (3.1)
Where % is Planck’s constant divided by 271:. /  can either be an integer, a half-integer 
or zero. For nuclei w ith  an odd atomic mass, I  is an odd m ultiple o f 1/2. Such nuclei 
include *H w ith 1 =1/2. Nuclei w ith even numbers o f both protons and neutrons, 
such as have zero net spin and therefore provide no signal in  NMR. A ll other 
nuclei possess an integral spin w ith /=  1, 2, 3, ... .
Nuclei also possess charge, which when combined w ith their in trinsic spin confers on 
the nucleus a magnetic dipole moment p. In  quantum mechanics the magnetic 
moment o f the nuclear spin is an operator proportional to the spin operator, Î  :
A =  f i i  (3.2)
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Where y is known as the gyroinagnetic ra tio  and is an in trins ic  property o f each 
type o f nucleus. The caret above the p and I indicates that these functions are 
operators.
Angular momentum is a vector property so that fo r a fu ll description direction 
as w e ll as magnitude is needed. In  quantum mechanics this is described by using 
the magnetic quantum number, nij so that the component o f I along the z -  
direction is
= finij (3 .3 )
Where m\ = -I, - I  +1, ... ,7 -1 ,7 , such that there are 27 +1 possible values o f m\. 
The 27+1 states are degenerate, where the degeneracy can be removed by the 
application o f an external magnetic fie ld  Bo This is known as the Zeeman 
effect, which splits each level in to  its component states, each having a d iffe rent 
value o f m\.
The interaction between the fie ld  B q and the magnetic moment has an energy 
governed by the Ham iltonian H , where
H  = - P  B q (3 .4 )
which in  the specific case where B q is applied in the direction defined as z , may be 
written as H  = - ^ B g î^ . The energy o f each level is therefore given by:
E  =  (3 .5 )
From this point forward, the discussion w ill focus on spin 7=1/2 nuclei and in  
particular the example o f the single proton o f the ^H nucleus. This case allows fo r a 
more classical explanation to be used later. For 7 = 1 /2  nuclei there are ju s t two 
levels (±1/2) separated by energy . This leads to two possible orientations
fo r the magnetic moments, aligned either parallel to Bo (the most stable 
configuration) or antiparalle l (the less stable configuration) [Canet, 1996], see 
Figure 3.1.
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B = 0
m i =  -1 /2
AE
mi = +1/2 T
B  =  B
Figure 3.1: Splitting of the energy levels of a spin 1=1/2 nucleus which occurs due to the 
application of a static magnetic field Bq. The lower state with Wi=+l/2 corresponds to the 
situation where the magnetic moments are parallel to Bq, whilst the upper state with w?,=-l/ 2  
corresponds to the magnetic moments and Bq being antiparallel. The energy separation between 
the two states is dependent on both the magnitude of the applied magnetic field and the 
gyromagnetie ratio for the given nuclei.
The number N(m) o f nuclei occupying each energy level, m is known as the 
population o f the level. For an assembly o f a large number o f identical spins at 
thermal equilibrium  in  a magnetic fie ld  B q, the populations o f each level are
described by Boltzmann’s law, V(m )ocexp
1993]. In the case o f a homonuclear sample containing placed in a 1 T magnetic 
fie ld  at room temperature, there w ill be a small population excess o f the order 1 in 
10  ^spins in  the lower energy level w ith respect to the upper one.
[Hennel and K linowski,
Driven transitions between energy levels can occur w ith the application o f 
electromagnetic radiation which satisfies the Bohr frequency condition, AE = h v .
3.2 Vector Model
The Vector model, which is a classical description o f NM R is useful when 
considering an ensemble o f identical nuclei w ithin a system o f interest. For such a 
system, the bulk magnetic moment M  o f a collection o f identical nuclei, which may 
be defined as the vector sum o f each o f the individual magnetic moments, can be 
used in  place o f jn. Therefore from  Equations 3.2 and 3.4 the energy o f the bulk 
magnetic moment in  the magnetic fie ld  is
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E = -M  B, (3.6)
This can be visualised in  terms o f classical vectors, shown in  Figure 3.2.
X
A, B.
Figure 3.2: (A) Individual magnetic moments of 7=1/2 spins in the two states precessing about 
Bo in the z and -z  direction with random phases. (B) Their vectorial sum can be viewed as 
originated by a single macroscopic magnetic moment, M, aligned with the z axis.
I f  M  is displaced from  alignment along the z-axis, such as through the application of 
a transverse magnetic fie ld  as described later, then as a consequence o f this energy, 
the magnetic moment experiences a torque, which is equal to the time derivative o f 
the angular momentum, h i.
T  =  S— = M x B , dt (3.7).
By m ultip lying both sides by the gyromagnetie ratio, y and substituting the classical 
equivalent o f Equation 3.2 into the above leads to:
A,
dt M  = TM x B, (3.8)
which has solutions:
(f ) = M  ^  = constant 
M ^(?) = M^. cos(^ Wf) 
M y { t )  =  M y S i n { a x )
(3.9)
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This describes a precessional motion o f M  around Bo w ith a frequency, known as the 
Lai'mor frequency given by:
(3.10)
It is sometimes simpler to consider a frame o f reference rotating w ith angular 
frequency coq about a fixed axis. When this rotating frame has the same angular 
velocity as the bulk magnetisation, the magnetisation appears stationary against Bq  
when viewed in the rotating frame, Figure 3.3. The axes o f this reference frame are 
by convention labelled (x ’ , y ’ , z’ ) which denotes rotation w ith angular frequency c o q . 
This notation w ill be followed throughout this chapter.
Bf
X
A.
COo
B.
Figure 3.3: Larmor precession of the bulk magnetisation M, around a magnetic field Bq as 
viewed from (A) the laboratory frame of reference and (B) a reference frame rotating at the 
same angular frequency, oo as the bulk magnetisation.
3.3 The NMR Experiment.
The observed NM R phenomena results from  the application o f a small linearly 
oscillating transverse magnetic fie ld  expressed as 2B,cos(<s;^) [Haii'is, 1986] w ith 
B i« B o  applied along say the x-axis o f the laboratory frame. The fie ld  can be 
thought o f as having two components, rotating w ith angular frequency ±œ. I f  B i is 
seen to be rotating in  the opposite sense to that o f the precessing bulk magnetisation 
then part o f the time the torque exerted by B% w ill tip M  toward the z-axis and part o f 
the time it  w ill be tipping M  away, producing no net effect [Memory, 1968].
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However, i f  the fie ld  acting w ith  the precession rotates in  the same sense and at a 
frequency equal to the La iinor frequency, it  w ill appear constant in  time to the 
rotating M . The effect is to tip  the magnetisation away from  Bo increasing the 
precession angle. I f  B i is applied fo r long enough the nuclear precession spirals 
down from  its equilibrium  position so that there is no z-component and the 
magnetisation is completely in the xy-plane. Returning to the rotating frame o f 
reference, this motion is seen as a simple 90° rotation. The use o f the rotating frame 
in  experimental NMR is common practice due to its sim plified description o f the 
evolution o f magnetisation.
X
Bo
Laboratory Frame
X
< = >
X
Rotating Frame
Figure 3.4: Rotation of the bulk magnetisation M, through an angle 90° due to the application 
of a small rotating transverse magnetic field Bi, as viewed in the laboratory frame (top) and in a 
frame rotating at the same angular velocity as M  (bottom).
In NM R experiments the B i fie ld  is applied using a small Radio Frequency (RF) 
pulse through an excitation co il placed near* or around the sample. Applying a pulse 
o f duration ip produces a rotation through an angle [Hore, Jones et al., 2000]
(3.11)
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Once the RF pulse is switched o ff the NM R signal can be measured through the 
process o f electromagnetic induction. Conveniently a ll that is needed for the 
detection o f the induced signal is a co il o f w ire in the v ic in ity  o f the precessing 
magnetisation. The small co il responsible fo r excitation therefore also becomes the 
sensor co il after the pulse.
The basic components o f an NM R imaging spectrometer are marked in  the block 
diagram o f Figure 3.5.
SPECTROMETER
Magnettransmit
receive
Amp
filter
ADC
filter
mixer
mixer
ADC
RF Clock
TX Gain
Pre-amp
COMPUTER
Figure 3.5: Block diagram of an N M R  imaging system. The main components are the magnet, 
the spectrometer which contains both the transmitter TX  and receiver RX, the RF amplifier and 
the computer for control of the experiment and for data processing and display. Adapted from 
[Blumich, 20001.
The magnet produces the basic magnetic fie ld  Bo and is equipped w ith  an RF coil fo r 
excitation o f the probe nuclei and fo r detection o f the NM R signal. A  switch 
connects the coil to either the transmit or receive side o f the spectrometer. The phase 
(p and amplitude o f the transmitter signal can be adjusted so that the excitation pulses 
may be shaped and applied along both x ’ and y ’ . The small size o f the voltage 
induced in the co il during the receive stage o f the experiment means that pre­
am plification is required before the signal is processed. This signal is then split into 
two channels fo r phase-sensitive detection o f two orthogonal components. This is 
achieved by m ixing each channel w ith  a sine and cosine reference wave respectively,
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which originate from  the same RF clock as the excitation. The m ixing o f the RF 
response and reference waves generates signals at sum and difference frequencies in 
both channels. The signals at the sum frequencies aie filtered out leaving the 
remaining signals which are the two quadrature components o f the transverse 
magnetisation in  the rotating frame. These are then digitised and sent to the 
computer fo r storing and processing.
3.3.1 Detecting the NMR Signal
Immediately after the application o f a 90° RF pulse, when the frequency o f the B i 
fie ld  is equal to the Larmor frequency cOq, the spins are effectively frozen along the 
y ’ -axis o f the rotating frame. However, returning to the laboratory frame, the 
magnetisation vector is seen to precess about the z-axis at the Larmor frequency. 
The excitation co il then becomes the receiver co il and measures the weak oscillating 
voltage induced by the precessing macroscopic magnetisation. This oscillating 
voltage, which is in the form  o f a sine wave, is the NM R signal.
Signals at the Larmor frequency are d ifficu lt to transform into d ig ita l data. Therefore 
using an analogue electrical circuit, the angular frequency o f the observed NM R 
signal is shifted by a reference frequency equal to the Larmor frequency. 
Consequently signals oscillating at the Lai'mor frequency remain constant and signals 
oscillating at some angular' frequency given by o)q+ Is.O), oscillate at Aco. This
process is known as demodulation and is equivalent o f observing the precessing 
magnetisation in  the rotating frame.
3.4 The Bloch Equations and Relaxation
The above arguments have predicted the motion o f the nuclear magnetisation after it 
has been tipped away form  its equilibrium  value. It is obvious that w ith time the 
magnetisation w ill return to thermal equilibrium , w ith M ^ r),M y  (f) = 0
andM ^(r) = M g . In his seminal paper, Felix Bloch introduced two relaxation times
to account fo r these processes: The longitudinal relaxation time 7\, concerning spin- 
lattice interactions and the transverse relaxation time 7%, concerning spin-spin 
interactions [Bloch, 1946]. Changes in  Mz are caused by tiansitions between energy 
levels which arise from  an exchange o f energy between the magnetic dipoles and
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their local environment -  the lattice. Changes in and My conespond to a change 
in  phase coherence between the individual spins introduced by the original excitation 
which constitutes the total magnetisation. This leads to the famous Bloch equations 
which describe the behaviour o f nuclear' magnetisation in  the absence o f applied RF 
fields [Bloch, 1946]:
(3.12)
dt ' r,
In  the laboratory frame o f reference the transverse components o f the magnetisation 
are seen to decay to zero w ith a time constant T i, while the z-component is seen to 
return back to equilibrium  (aligned w ith  B q)  w ith  a time constant Ti.
In  the nuclear resonance experiment as discussed in Section 3.3, the rotating 
magnetic fie ld  B i induces a rotating magnetisation in  the x-y plane. The 
magnetisation therefore experiences a magnetic fie ld  B according to
B = B j cos<5;r i - B ,  sin^af j  + Bgk (3.13)
where i, j,  and k  are unit vectors in  the x, y and z directions respectively.
Combining the Bloch equations fo r relaxation w ith the above expression fo r the 
magnetic fie ld  produces the complete Bloch equations which thoroughly describe the 
nuclear' magnetisation:
d 1 M .
d L  1 M= 4 b , cosca M , - B „ M  (3.14)
— M , = -7 [b ,c o s û *  M  + B ,s in a ( M  dt ’  T,
4 2
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3.5 Other Nuclear Interactions
In  section 3.1 only the Zeeman interaction has been described. However, since 
nuclei are not isolated, further terms are needed to define the true spin Hamiltonian 
which takes into account the interaction between neighbouring nuclei and their 
associated electrons. The Hamiltonian is therefore just the combination o f individual 
terms related to each interaction.
H  = + H ^ + H ç,^- i-H ^ + H q ... (3.15)
These terms present themselves as fine details in NM R spectroscopy, namely line 
broadening, line shifts and line splitting. These additional interactions and their 
dynamics are sources o f relaxation; in  reverse, relaxation provides a window on 
interaction dynamics.
The Zeeman term, dominates the energy o f the nuclear spins and is therefore the 
main feature o f nuclear magnetic resonance whiles the other interactions act as 
perturbations o f the Zeeman energy levels [Callaghan, 2004]. The dipolar term, 
coiTesponds to the direct dipole-dipole couplings between neighbouring nuclei which 
are responsible for broadening the lines in  solid state NMR. is the chemical
shift term, which represents the indirect interaction between the external fie ld  and the 
nuclear spins, through the m odified precession resulting from  the electrons [Levitt, 
2001]. The scalar or spin-spin interaction Hy corresponds to the indirect magnetic
interaction between nuclear spins through their electrons. The chemical shift and 
scalar interactions lead to line shifts and line splitting in  NM R spectra. The 
quadrupolar interaction, Hg is characteristic o f nuclei w ith /  > 1.
3.5.1 Direct Dipole-Dipole Coupling,
Magnetic dipole moments generate a magnetic fie ld  which loops around in  the 
surrounding space. The dipole-dipole coupling term results from  the direct 
interaction between this magnetic fie ld  and the magnetic moments o f the 
neighbouring nuclei. Since the neighbouring nuclei generate their own magnetic 
fie ld  this interaction is mutual. Figure 3.6 shows the geometiy o f a pair o f spins 
interacting by dipolar coupling.
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Figure 3.6: Geometry of the magnetic Dipole-Dipole interaction.
For an ensemble o f spin pairs described above the Hamiltonian is given by 
[Callaghan, 2004]:
KJ
(3.16)
Expanding the terms in  the bracket yields six terms that each contains a spin factor 
and a geometrical factor, and which can be appreciated separately. The firs t two o f 
these factors dominate the energy shifts and hence produce line broadening in  NMR 
spectra. Any spatial or temporal averaging due to molecular- motion 
involves (3cos^ ^ - l )  which averages to zero. As such these terms depend on the 
orientation o f the dipoles as w ell as their separation and are consequently transverse 
relaxation processes. The remaining four terms depend only on the dipolar 
separation and involve transitions between energy levels. These are therefore 
longitudinal relaxation processes.
3.5.2 The Chemical Shift, .
The chemical shift interaction produces slightly different resonant frequencies for the 
different nuclei in  any given molecule.
When a sample is placed in a magnetic fie ld  Bo, the electrons o f each atom rotate 
around the nucleus about the direction o f B q. Since the electrons have charge, this 
rotation induces a magnetic moment and therefore a magnetic fie ld  Bi, which 
opposes B q. The electrons therefore shield a nucleus from  the influence o f the fie ld  
so that the effective fie ld  acting on a magnetic moment is [Harris, 1986]
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Be// = B g (l-0 *) (3.17)
Where cr is simply the constant o f proportionality between Bo and Bi and is known as 
the shielding constant. Since the chemical shift states that the magnetic fie ld  acting 
on the magnetic moment is reduced, the resonance condition (Equation 3.9) becomes 
0 )^  = -)B g  ( l -  <7 ) and the Zeeman Hamiltonian becomes:
(3.18)
The induced magnetic fie ld  w ill vary depending on the chemical environment o f the 
atom. D ifferent atoms in  a molecule, may therefore originate different lines.
3.5.3 The Scalar Coupling, .
Unlike dipole-dipole coupling which acts directly through space, spin-spin coupling 
acts through chemical bonds. This is due to a nuclear spin causing a slight 
perturbation in a bonding electron, which in  turn produces a slight variation in  the 
magnetic fie ld  at a neighbouring nucleus. Figure 3.7.
Bf
Figure 3.7: Spin-spin coupling between two identical nuclei which have spin angular
momentum b and h.
The interaction between the two spins pictured above is described by the scalar 
Hamiltonian [Callaghan, 2004]
= 2Æ/Ï, • Ig (3.19)
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where J  is known as the coupling constant.
In NM R spectroscopy o f the molecule, this interaction produces line splitting, where 
the resonance o f the firs t spin, I i  is split into (2I 2+ I) lines o f equal intensity and vice- 
versa. This is due to the molecules o f I 2 having different values o f m\ [Harris, 1986].
3.6 Spin Relaxation Theory
For nuclei w ith  spin /  = 1/2, the dominant interaction responsible fo r spin relaxation 
arises from  direct dipole-dipole coupling. In  a system o f single type spins, the 
nuclear magnetic moments randomly tumble and diffuse throughout the system due 
to thermal motions, so that each individual magnetic moment experiences an 
isotropic random magnetic fie ld. The magnitude o f the x-component o f this localised 
magnetic fie ld  Bxl, rapidly fluctuates w ith  time, illustrated in  Figure 3.8. The 
original description o f the effect o f these fluctuations in  the so-called fast-motion 
regime was given by Bloembergen, Purcell and Pound (1947) after whom the model 
is termed BPP theory.
xL
Time
Figure 3.8: The magnitude of the x-component of a local magnetic field B%L, due to the presence 
of other nuclear magnetic moments randomly fluctuates with time. The average time for a 
transition between energy levels due to thermal motion is defined by the correlation time Tg.
A  characteristic time can be defined fo r the random motion, or tumbling o f the 
molecules, known as the correlation time, This defines the average time for tlie 
local magnetic fie ld  fe lt by an individual moment to change sign due to thermal 
motion. When Tc is short, the motion is rapid as in  hot liquids, whereas for long Tc 
the motion is slow such as in  cold liquids or solids. An auto-coiTelation function 
G(t), can be used to describe the random fluctuation, so that fo r Bxl
lim e average (3.20)
46
C h a p te r 3: P rin c ip les  o f  NMR
For Gaussian fluctuations, G (t) is seen to decrease exponentially w ith a time constant 
equal to Tc, thus G(r)oc e x p ( - ). This function can be related to the amount o f
motion at a given frequency, or spectral density J {cù), by Fourier transform. The two 
functions are therefore related by
7 (^y) = j^ G M  exp(- i o)r)d r
G{t ) = —  r  j{û))Qxp{iû)T)dT ' l i t
(3.21)
The interaction between nuclear spins and the isotropic random magnetic fie ld  Bxl, 
along w ith the equivalent y component ByL, induces transitions between energy 
levels. The local rate o f these transitions is given by Equation 3.22 [Harris, 1986],
(3.22)
Solving Equations 3.20 and 3.21 fo r J(co) and substituting into Equation 3.22 leads to
The spectral density function is shown schematically in Figure 3.9 for fast, 
intermediate and slow molecular tumbling rates.
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Figure 3.9: A schematic representation of the spectral density function /(co), as a function of 
frequency shown for molecules undergoing (a) fast, (b) intermediate and (c) slow tumbling. 
Adapted from [Claridge, 1999].
As each curve in  Figure 3.9 represents a probability, tlie integral o f J{cù) over all 
frequencies is constant. For long Tc, the molecular m obility is low  and the range o f 
frequencies is short. In  this case » 1  and 7(co) reduces to 2 /tüq . T\ is 
therefore proportional to Tc. For very mobile systems w ith short Tc, the range o f 
frequencies is much greater, «  1 therefore /(© ) reduces to and T\ is 
inversely proportional to Tc. The maximum value for 7(co), corresponding to a 
m inimum value for Ti occurs when = 1, or when the correlation time equals the
inverse o f the Larmor frequency. A  plot o f Ti versus the correlation time therefore 
shows T\ firs t decreasing as the m obility decreases (Tc getting longer), going through 
a minimum when = 1/ cOq and then increasing again as the m obility continues to
decrease. T\ relaxation is therefore most efficient when the spectral density is 
equivalent to the Larmor frequency. This relationship is shown in Figure 3.10.
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Figure 3.10: T i and relaxation times plotted as a function of at a fixed Larmor frequency. 
The T \ minimum divides the regimes for into fast and slow motion in comparison with the 
Larmor frequency.
Spin-spin relaxation T2, is due to the loss o f phase coherence o f the precessing 
magnetisation and therefore does not depend on the exchange o f energy such as w ith 
spin-lattice relaxation. Consequently, there is no frequency term and the equivalent 
o f Equation 3.23 fo r T2 becomes:
(3.24)
T2 therefore decreases as the m obility o f tire system decreases. This is illustrated by 
the dashed line in Figure 3.10. For extremely mobile systems it  can be seen that 
Ti=T2.
3.7 Pulse Sequences and Measuring Relaxation
The use o f small RF pulses to alter the orientation o f the magnetisation as introduced
in Section 3.3, is an important part o f NM R microscopy as it provides the
experimenter w ith  a tool fo r placing the magnetisation in  any direction they wish
w ithout any loss o f magnitude, provided Xp «  T\, T2 . Follow ing a pulse, the
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Boltzmann distribution is slow ly restored by relaxation as discussed previously. For 
a pulse o f sufficient duration to flip  the magnetisation vector through 180°, the 
relaxation is purely spin-lattice and the magnetisation as a function o f time is 
described by
M z W = M q l - 2 e x p ^ -^ J (3.25)
For a 90° RF pulse the transverse magnetisation relaxes due to a number o f 
contributing factors. The Larmor frequencies at different portions o f the sample 
d iffe r slightly as a result o f magnetic fie ld  inhomogeneities. When viewed from  a 
frame o f reference rotating at the mean Larmor frequency, the magnetisation vectors 
are seen to fan out reducing the magnitude o f the signal. The source o f these 
inhomogeneities on the macroscopic scale is the inherent variation in  the magnetic 
fie ld  associated w ith the magnet. Spatial variations in the magnetic fie ld  due to local 
differences in magnetic susceptibihty w ith in  the sample itse lf are the sources o f 
inhomogeneity on the mesoscopic scale. Furthermore, on the nanoscale, random 
dipolar interactions tend to re-align the nuclei w ith a local portion o f the fie ld  in 
order to re-establish thermal equilibrium , further reducing the coherence o f the 
magnetisation signal. I t  is this last factor which is termed the true transverse or spin- 
spin relaxation. Again, the Bloch equations describe the decay o f transverse 
magnetisation, namely
M^(?) = M„exp (3.26)
Where “  + + and 1/7% is the true transverse relaxation. The third
t ;  " T
term is the relaxation due to the main fie ld  inhomogeneities and the fina l term is 
relaxation due to the different magnetic susceptibilities w ith in the sample.
3.7.1 Field inhomogeneity and relaxation
It is impossible to make perfectly uniform  Bo magnetic fields as there w ill always be 
some level o f inhomogeneity. As a consequence, the magnetic fie ld  experienced by 
each spin is slightly different; some spins w ill be subjected to a greater local fie ld  
than the mean resulting in  them having a higher angular' frequency and causing them
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to process ahead. Likewise a smaller local fie ld  gives rise to spins precessing slower 
than the mean. Subsequently, there is a loss o f phase coherence amongst the spins so 
that the magnetisation vector and hence the NM R signal decays w ith  a time constant 
, as described above. This is known as the Free Induction Decay (FID). Figure 
3.11 shows the oscillating NM R signal modulated by a sine wave o f frequency coo 
and the on resonance signal after demodulation which decays according to
exp
time
Figure 3.11: The Free Induction Decay (FID) signal measured following an RF pulse which flips 
the magnetisation by 90° into the xy-plane [Buxton, 2002]
3.7.2 Spin Echoes and the CPMG Pulse Sequence
Since the inhomogeneities in  Bo and vaiiation in  magnetic susceptibility w ith in the 
sample are fixed and constant throughout the period o f measurement, their relaxation 
effects can be reversed w ith  the use o f spin echoes. Follow ing a 90° pulse, the
magnetisation is aligned along the y-direction and the transverse magnetisation 
begins to dephase as it  precesses in  the xy-plane. I f  after a period o f time t , a 180° 
pulse is applied along the y ’ -direction, the effect w ill be to flip  all o f the spins about 
the x ’ -axis. I f  they are allowed to evolve fo r the same period o f time, the spins w ill 
come back into phase at a time 2x after the in itia l 90° pulse creating an echo o f the 
magnetisation, which can be measured in the same way as the FID  signal. This 
process is illustrated in Figure 3.12.
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Figure 3.12: Schematic depicting the spin echo produced from a 180° refocusing pulse applied 
at time T  following the initial 90°. pulse.
The intensity o f the induced signal produced from  the echo w ill be lower than the 
in itia l transverse magnetisation due to the true spin-spin relaxation. However, there 
should be sufficient magnetisation le ft to repeat the process many times creating a 
train o f consecutive spin echoes, occurring 2 t apart. This echo train can continue 
un til there is insufficient magnetisation to produce an NM R signal. A t this point it is 
necessary to w ait a time trd , known as the repetition delay, fo r the longitudinal 
relaxation to return tlie nuclear" spins to thermal equilibrium . The repetition delay 
time must therefore be greater than T\ and is typically 3-5Ti. This pulse sequence 
was devised by Carr and Purcell [Carr and Purcell, 1954] and later modified by 
Meiboom and G ill [Meiboom and G ill, 1958] after whom it  is named the CPMG 
pulse sequence and takes the form
90; [t  -180° -  r  -  echo - ]  (3.27)
It is shown schematically in  Figure 3.13. F itting an exponential function to the 
maximum intensity in  each echo allows the decay constant equal to the true 
transverse relaxation, T2 to be calculated
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180,180, 180, 180, 180,
lOx2t 4t 6x
t im e
Figure 3.13: The echo train generated by a CPMG pulse sequence which reverses the effects of 
magnetic field inhomogeneities and allows for a measurement of the true transverse relaxation 
time constant T 2,
3.7.3 Measurement of T i  by Inversion Recovery
As mentioned previously a 180° pulse is followed by purely spin-lattice relaxation, 
fo llow ing Equation 3.25. This results in  zero magnetisation in  the xy-plane and 
therefore no induced signal in  the receiver coil. However, at any time x, after the 
180° pulse the state o f the magnetisation Mz can be seen by applying a 90° read pulse 
[Harris, 1986]. This is known as the inversion recovery method and uses the 
follow ing sequence
[ l8 0 “ - r - 9 0 ' > - ( F / D ) - r , „ ] „  (3.28)
Again trd  must be longer than Ti to allow the Boltzmann populations to be re­
established between 180° pulses. By varying the evolution time x, the peak signal 
intensity from  the accumulated FID can be plotted against x. The inversion recovery 
experiment is shown in  Figure 3.14. The magnetisation as a function o f time can be 
fitted w ith an expression sim ilar to Equation 3.24 to provide a value for Ti.
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Figure 3.14: Inversion recovery experiment. An initial 180° pulse inverts the magnetisation 
while a 90° read pulse performed after a time t  allows the magnetisation to be measured 
through the use of an F ID  (top). The peak magnetisation can be plotted as a function of 
evolution time t , to provide a value for T \ (bottom).
3.8 Magnetic Resonance Imaging
In the previous section it  was described how a non-uniform polarising magnetic fie ld  
causes tlie transverse magnetisation to dephase. However, i f  a linearly varying 
magnetic fie ld , known as a magnetic fie ld  gradient, is applied across the sample, the 
Larmor frequencies o f the spins w ith in  the sample become a function o f position. 
The gradient, which is applied independently o f the main fie ld, creates additional 
magnetic fields that are much smaller than Bo. As a result only those components 
parallel to Bo affect the Larmor frequency, so that
6ü(r) =  ^ 0  +  ^  • r  (3.29)
where the magnetic fie ld  gradient G = VB^ = 3B„ aB„'ldx dy dz
I f  the local spin density o f nuclear spins occupying a small volume element dV at 
position r  w ith in a sample is /?(r) then the total number o f spins in  tlie volume w ill 
be p{j:)dV  and the NM R signal from  the element w ill be given by:
^^(G , t) = p{v)dV  exp[i<w(r)r] (3.30)
In their original paper in  1973, M ansfield and Grannell [Mansfield and Grannell, 
1973] introduced the concept o f a reciprocal space vector k , which is defined as the
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conjugate to the nuclear spin coordinate r, and for a constant magnetic fie ld  gradient 
is
k = —  (3.31)
k may therefore be determined by the imaging gradients and the length o f
time t , that the gradients are effective. This time is termed the encoding time. From 
Equations 3.29 to 3.31 the signal encoded in a ll three directions w ill be given by the 
function [Callaghan, 2004]
5(k) = |jj/?(r)exp[z2;r k • r] dr  (3.32)
I f  the fie ld  gradient strength is sufficiently large, the dephasing in  transverse 
magnetisation due to the spread in  jO  • r w ill be much quicker than that due to T2 
and therefore relaxation effects can be ignored. Therefore by applying a triple 
Fourier transform from  k-space to real space r, die spatial distribution o f the spins 
density, which is an image, is obtained
p{r)  = |Jj5(k)exp[- iln : k • r] dk (3.33)
Figure 3.15 shows a typical RF and gradient pulse sequence for two-dimensional k- 
space imaging. This consists o f a slice selection, a phase encoding and a frequency 
encoding step.
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Figure 3.15; Pulse sequence diagram for a two-dimensional spin-echo imaging experiment.
3.8.1 Slice Selection
Selecting a slice to image is performed in two stages. First a fie ld  gradient in  the 
slice direction, G% - hereby defined as the ^-direction - makes the precession 
frequency a function o f position along this axis. Secondly a narrow-hand frequency- 
selective (or “ soft” ) pulse is applied to excite only those spins w ith the corresponding 
frequency. The slice position may therefore be adjusted by changing the frequency. 
The w idth o f this slice depends on the str ength o f Gz and the length o f the RF pulse. 
Since the aim is to excite only those spins in  the slice and to leave those outside 
precessing about the main magnetic fie ld, the excitation pulse should ideally he 
uniform  in  magnitude w ith sharply defined edges. A  treatment o f the slice selection 
theory can be found elsewhere [Callaghan, 2004], [Kim m ich, 1997] and shows that 
the profile  o f the excited slice is directly determined by the Fourier transform o f the 
RF pulse function. This leads to the introduction o f pulse envelopes that use 
truncated sinc-functions which produce the desired rectangular frequency response.
The evolution o f spin coherences while the fie ld  gradients are on lead to phase shifts 
w ith in  the excited slice. For this reason a negative fie ld  gradient o f magnitude G% is 
applied fo r 1/2 the duration o f the pulse in  order to re-phase the spin isochromats.
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Note a negative gradient o f magnitude 1/2 Gz applied fo r the whole duration o f the 
pulse may also be used.
3.8.2 Phase Encoding
The phase shifts described above are also position dependent w ith in  the slice and 
consequently allow further spatial inform ation to be encoded onto the spins. A fter 
the slice selection, a phase-encoding gradient G y -  in  this case assumed to be in the 
y-direction -  is applied for a fixed length o f time, ty. The effect o f G y  is to confer a 
local phase shift (p, depending on the position along the y-axis according to 
^ (y ) = - jyG y ty . Spatial localisation in  the phase encoding direction requires many
steps w ith  each step being performed w ith an incremental change in  the amplitude o f 
the phase encoding fie ld  gradient.
3.8.3 Frequency Encoding
The NM R signal is acquired in  the presence o f a th ird fie ld  gradient Gx, known as the 
read-out gradient which is assumed along the %-direction. This ensures that the spins 
are precessing w ith an angular frequency that depends only on their %-position 
according to co{x) = -''}xG^.. The read-out gradient also tends to dephase the spin
coherences prior to the form ation o f an echo, so that it  is necessary to apply a 
gradient in  the read direction fo r a period o f time 1/2 before the RF inversion 
pulse. This compensates fo r the firs t ha lf o f the read gradient, see Figure 3.15. As a 
result o f this sequence an echo centred at a time 2 t  is acquired and the whole A-axis 
in  k-space is sampled. In  conjunction w ith varying the amplitude o f Gy during 
different cycles o f the experiment, a two-dimensional picture o f all o f k-space for the 
selected slice may be recorded.
3.8.4 Magnetic Resonance Profiling
I f  the spin echo is acquired in the presence o f just the frequency-encoding gradient, 
then a one-dimensional image, generally termed a profile, is obtained. From 
Equation 3.29 the spatial resolution. Ax o f the profile is related to the w idth o f the 
NM R absorption line or the spread in  Larmor frequencies by
1 }G^
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Therefore the larger the line width, the worse the spatial resolution. Increasing the 
amplitude o f the field gradient is one way to achieve higher spatial resolution. 
However, this reduces the number o f spins in a given frequency interval and thus 
decreases the sensitivity. To counter this longer data acquisition times are need so 
that in  practical NMR measurements there is the need for a trade o ff between spatial 
resolution, sensitivity and measurement time.
3,9 Magnetic Resonance Profiling with GARField
The GARField magnet is a small permanent magnet that consists of two shaped pole 
pieces providing tlie static magnetic field. Bo which is orientated along the horizontal 
z-direction. The magnet has been designed so that the magnitude of the magnetic 
field, IBqI is constant in the horizontal plane, xz. There is a strong magnetic field 
gradient Gy, in the vertical y-direction. Further details o f the design o f the magnet 
may be found elsewhere [Glover, Aptaker et al., 1999], which details how the 
magnet may be characterised by the parameter Gy/|Bg| which is constant across the 
inter-pole piece volume.
The magnetic field orientation allows the excitation field, B i, to be parallel to the 
field gradient, so that the excitation/sensor coil may be made from a small surface 
winding which excites/senses a small well defined central region o f a sample. This 
capability allows the elimination o f undesirable sample edge effects.
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Chapter 4
Development of Instrumentation
4.1 Introduction
The components which form the basic GARField magnetic resonance system are 
shown in the block diagram in Figure 3.5. GARField profiling is very sensitive to 
electronic noise so that the magnet, RF probe and sample, are all housed in a copper 
faraday shield with the essential electronic and computer equipment placed outside. 
Access to the magnet and sample is provided through a removable front panel.
This project presented new challenges which had not previously been undertaken 
with the GARField system and therefore it  was necessary to develop new pieces of 
apparatus. Light-induced crosslinking o f polymers has been measured on GARField 
before [Wallin, Glover et al., 2000]. However, the use of UV radiation in this project 
poses a hazai'dous risk to personnel and suitable shielding and control measures were 
required. The U V  irradiation setup is detailed in the following section o f this 
chapter.
In addition, one o f the key requirements from NSC was to investigate the effect 
temperature has on the curing process. As a consequence, a new high temperature 
sample-mounting probe was developed which is able to heat samples to temperatures 
in excess o f 120°C whilst a measurement is being taken. Heating within the
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GARField magnet poses two considerable problems: electromagnetic induction and 
magnetic thermal stability. One of the simplest ways to generate heat is through 
electromagnetic induction. However, this produces extraneous magnetic fields 
which disturb the measurement. Secondly, it is imperative that the magnet pole 
pieces be kept at a stable temperature equal to that o f the room, circa 20°C. I f  this is 
not done the field strength changes perturbing the magnet, perhaps irreversibly. For 
this reason it was also necessary to develop a system to cool the magnet during 
measurements at elevated temperature. The new probe and active cooling system are 
detailed in Sections 4.3 and 4.4, respectively.
4.2 Sample Irradiation
UV radiation is produced by a metal halide lamp manufactured by Honle UV 
Technology, which has a maximum UVA intensity of 250 mWcm'^. The lamp 
produces photons with a range o f wavelengths including UVC (200-280 nm), UVB 
(280-315 nm) and UVA (315-400 nm). Some visible light below approximately 
500 nm is also observed. The aperture o f the lamp is circa 150x100 mm. The lamp 
reaches fu ll intensity 3-4 minutes after it is switched on and does not have a hot start 
feature. It can therefore not be switched back on for a short time once it has been 
turned off. The lamp is shown in Figure 4.1.
- 1 !
"I
Figure 4.1: Metal halide lamp manufactured by Honle UV Technology. Maximum UVA 
intensity of 250 mWcm'^ with an aperture of 150x100 mm. Picture taken from [Honle, 2007].
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The lamp is designed for handheld or mobile applications. However, for reasons o f 
safety and reproducibility of dose rates, the lamp was enclosed in a box which sits on 
top o f the faraday shield surrounding GARField. The box was constructed from 
12 mm thick Medium Density Fibreboaid (MDF) and contained two 12 V  cooling 
fans to prevent the lamp from over heating. The lamp to sample distance was circa 
650 mm so reflectors were added to focus the UV directly onto the sample and so 
increase the U V  intensity. These reflectors consisted o f two
36 mm inside diameter glass tubes, whereby the interiors were coated with 
aluminium through physical vapour deposition. One short reflector, 100 mm in 
length, was fixed centrally against the aperture of the lamp. 5 mm below this was the 
second longer reflector, which continues into the faraday shield and terminates 
100 mm above the sample position. The U V  exposure may be controlled by an 
electrically operated copper shutter which is powered by a 12 V  rotary solenoid. The 
copper shutter intersects the two glass reflectors and can be opened and closed via a 
simple toggle switch, w ith the minimum opening time o f around 1 second. The lamp 
housing construction is detailed in the isometric projection shown in Figure 4.2 with 
a photograph o f the shutter intersecting the glass reflectors shown in Figure 4.3.
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Top reflector
Shutter and bottom reflector
Inlet fan
Figure 4.2: Isometric projection of the UV lamp enclosure showing housing, UV lamp, cooling 
fans, reflectors and shutter system.
Figure 4.3: Photograph showing copper shutter intersecting the two glass reflectors. The 
shutter is powered hy a 12 V rotary solenoid which cannot be seen. It is operated by a toggle 
switch. The closed shutter lightly rests on the lower reflector to prevent UV escaping from the 
enclosure.
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In addition to the lamp housing, aluminium tape was used to seal the rear and sides 
o f the faraday shield to ensure UV could not escape during sample irradiation. 
However, since access to the magnet was still required, a screen also made from 12 
mm MDF, was constructed to cover the entire front o f the faraday shield.
Figure 4.4 shows a graphical depiction together with a photograph of the typical 
experimental set up used in measurements of UV curing acrylic adhesives.
(a)
Figure 4.4: Graphical depiction (a) and photograph (b) of typical experimental setup used in UV 
curing measurements showing: (1) UV lamp, (2) lamp housing, (3) shutter , (4) reflector, (5) 
probe assembly and (6 ) GARField magnet. The front screen is not in place for the photograph.
The UV intensity at the sample position was measured using a UV Power Puck®, 
radiometer which simultaneously measures UVA, UVB, UVC and UVV. The 
intensities were found to be 27 ± 1 mWcm^, 11 ± 1 mWcm “, 1 mWcm'^ and 
18 ± 1 mWcm^ for UVA, UVB, UVC and UVV respectively. The UVC intensity 
was on the lim it o f the radiometers sensitivity and so no deviation from the measured 
1 mWcm^ was recorded. Since the radiometer was also able to calculate the UV 
dose by integrating over the irradiation time this function was used to ensure the 
measured UVC intensity was not substantially lower than the value recorded. With
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the manually operated shutter a minimum opening time of 
1 second is possible providing a UVC dose of 1 mJcm'^.
4.3 A new high temperature sample-mounting probe
In order to heat samples during measurements, a new high temperature sample- 
mounting probe for GARField was designed and constructed. This consisted of an 
o il filled circulating heater made from brass w ith two small chambers, one at the top 
that the probe plate sits on, and one at the bottom, which was heated. Both o f these 
chambers were filled with o il and were connected by three small diameter brass 
pipes. These allowed the heated oil to circulate by convection. The o il was heated 
by two counter-wound coils o f wire on the outer pipes and provided a power of 
approximately 70 W when operated at 24 V. This was sufficient to heat the probe 
plate to temperatures in excess o f 120°C. An isometric projection o f the heater and 
probe plate is shown in Figure 4.5. The brass parts and ceramic probe plate were 
fabricated within the faculty workshop.
The heater was controlled using a CAL 9900 digital temperature controller, which 
measures the temperature using a PTIOO thermocouple placed at the sample position. 
The proportional integral differential (PID) controller then switches the current to the 
heating elements on and o ff via a relay in order to maintain the user defined 
temperature to an accuracy o f ± 1°C.
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A ll dimensions in mm. 
Not to scale.
Figure 4.5: Isometric projection of brass heater construction with Shapal-M^^ ceramic probe 
plate. The heater consists of two oil filled chambers connected by three small diameter brass 
pipes. The oil is heated hy electromagnetic induction generated in the coils of wire and 
circulates through convection, heating the probe plate to temperatures in excess of 120°C. Each 
chamber is sealed by a rubber O-ring - not shown in the illustration.
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The heater was suspended between the poles of the magnet by two Macor® rods 
which were fixed to a kinematic carrying plate (not shown in Figure 4.5). This 
allowed the position of the probe plate to be adjusted and levelled w ith respect to the 
magnetic field.
The probe plate itself was constructed from Shapal-M™ machineable ceramic which 
insulated the RF coil from the brass heater. This was chosen due to its relatively 
high thermal conductivity -  circa 90 Wm'^K^ [Ceramics, 2007]. The probe plate was 
then attached to the brass heater using a thin layer o f epoxy resin. Figure 4.6 shows 
the design o f the RF probe for use w ith the magnet. The 6 mm diameter planer radio 
frequency coil comprised 6 turns o f 0.4 mm diameter polyurethane-coated wire. The 
coil was supported in epoxy resin and was recessed into the ceramic probe plate so 
that the coil-end laid approximately 100 pm below a flat upper surface. In addition a 
further 13 mm diameter, 100 pm recess was also machined into the probe plate so 
that the coil could be protected w ith a small circular glass coverslip. This glass 
coverslip was airanged to be flush with the surface o f the probe plate to provide a 
level sample handling position. The probe (coil plus capacitors) has a resonant 
frequency o f 21.0 MHz and a bandwidth o f 1.0 MHz.
The coil was located at a position where the Bo magnetic field strength was 0.5 T. 
The gradient strength was 8.3 T in’ * and the pulse width required for a 90-degree flip  
angle was 0.7 ps. For *H measurements these parameters gave an effective 
measurable distance along the vertical axis o f the order of 4000 pm with the sample 
area examined being approximately 6 mm in diameter.
The electronic components for the probe were situated on a piece o f fibreglass 
double sided copper Printed Circuit Board (PCB). This was located on the kinematic 
probe caiTying plate so as to avoid heating the electrical circuit. The coil was 
connected to the PCB via a short length o f coaxial cable.
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4.2-20 pF 
Trimmer
6 turn. 6mm diameter coil. 
0.4mm gauge wire
20mm
Epoxy resin4.2-20 pF 
Trimmer
RG402 Co-ax
Figure 4.6: Diagram of the RF probe in both elevation and plan view showing tuning and 
matching components. The probe mounts onto the heater which is suspended from a kinematic 
carrier that can be adjusted so that the sample is parallel to the x-z plane. The trimmer 
capacitors were Murata surface mounted ceramic capacitors supplied by RS components.
A photograph of the probe and heater assembly suspended from the kinematic carrier 
within the GARField magnet as used in a typical ambient temperature MR 
measurement is given in Figure 4.7.
Figure 4.7: Photograph of probe assembly situated witbin the GARField magnet during a 
standard ambient temperature M R  measurement. Inset: probe plate with a typical acrylic resin 
sample.
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Figure 4.8 shows a photograph of the fu ll probe and heater assembly outside o f the 
GARField magnet. The brass pipes and heater elements were coated with 
Polytetrafluoroethylene (PTFE) to prevent the wires from earthing. After continued 
use the PTFE on the outside shows signs o f degradation. However, this was not seen 
to affect the performance of the heater.
Figure 4.8: Photograph of full probe and beater assembly connected to kinematic plate outside 
of the GARField magnet.
Whilst counter-winding the heater element wires minimised any unwanted magnetic 
fields, it was found that sufficient noise was still introduced which made recording 
measurements impossible. Simply disconnecting the heater during a fu ll profile 
acquisition led to the probe temperature becoming unstable, creating large 
temperature fluctuations at the sample position. As a consequence, an additional 
control circuit was made which would only switch the heater o ff during the receive 
phase o f the acquisition.
Figure 4.9 shows the circuit diagram used for the controller. A monostable circuit 
was used, which produced a single pulse when triggered by the spectrometer. The 
input is held high by the 1 KQ pull up resistor and is pulsed low by the TTL input so
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that the circuit is ti’iggered by the transition from high to low voltage. The duration 
(in seconds) o f the output pulse t , is given by
T = l.l(i? xC ) (4.1)
where R is the resistance in ohms and C is the capacitance in  farads for the 
components in the RC circuit connected to the 555 timer chip.
In the case o f this circuit the output pulse holds open two relays, which are each 
connected to one end o f the heater wire, for 240 ms. When triggered the control 
circuit therefore completely isolates the heater from the PID temperature controller 
thus removing any sources o f extraneous magnetic fields.
0 V+ 24 V+ 10V
iKn \lOOKCiLM55S
_TL
TTL 4.7m
2.2m
SPNCov
Heater
LM555
4.7m
SPNC
Figure 4.9: Circuit diagram of the controller used to switch the heater off during the receive 
phase of the acquisition. The controller consists of two monostable 555 timer circuits which are 
triggered by the spectrometer prior to the echo train acquisition.
A typical echo train with 32 echoes, 150 ps apart has a total duration of 
approximately 6 ms. The pulse sequence was therefore modified to include an in itia l 
trigger pulse 150 ms prior to the first 90° RF pulse to allow any eddy cuiTents within 
the heater elements to dissipate. Shortly after the acquisition of all o f the echoes the 
control circuit is pulled high once more and the heater is switched on. The heater is 
on for approximately 80% of the time period and the sample is only heated during 
the repetition delay, where the spins aie allowed to recover due to Ti effects.
69
Ch a p te r  4: D e v e l o p m e n t  o f  I n s t r u m e n t a t io n
4,4 Magnet cooling
As discussed in Section 1.1, it  was imperative to keep the magnet at a stable, near 
ambient temperature whilst the sample was being heated. This posed an especially 
d ifficu lt challenge since the pole pieces at the point of closest approach are 16mm 
apart leaving little room for any insulating material. In addition, the magnet has been 
optimised for measurements at 30 MHz, where the distance between the pole 
pieces is circa 32 mm. W ith the heater in place this allowed only 7 mm total space 
between the probe and the magnet. For this reason the probe was designed for 
measurements at 21 MHz where the probe-magnet distance increases to 21 mm. 
Although this sacrifices sensitivity and ultimately spatial resolution, it  allows space 
for both insulation and additional cooling jackets around the probe.
Insulation took the form of a 6mm thick Microtherm® flexible panel which has a 
thermal conductivity o f 0.02 Wm‘ *K'^ [Microtherm, 2007]. This reduced the 
temperature to approximately 40°C outside the insulated probe assembly whilst the 
heater maintained a constant 100°C inside.
To remove further heat from the magnet, an active cooling system was developed to 
operate alongside the insulation. This consisted o f two jackets, each formed from a 
series o f 1 mm inside diameter silicon pipes through which water could be passed. 
The jackets then covered each o f the pole pieces directly adjacent to the flexible 
insulation. The silicon tubes each fitted into brass manifolds which were supplied 
w ith water by a larger silicon pipe, 8 mm inside diameter. The brass manifolds were 
fabricated by the faculty workshop. The small silicon pipes were held together by 
self-adhesive sheets of a copper-coated, non-woven polyester fabric. A  graphical 
representation o f one o f the water coolers is shown in Figure 4.10.
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Figure 4.10; Graphical representation of a water cooler used to remove excess temperature from 
probe assembly. Shown without copper coated, non-woven polyester cover. Not to scale.
Water was pumped through the coolers by a 12 V peristaltic pump, which had a 
maximum flow rate o f 220 ml min '. The water was drawn from an insulated 
reservoir containing 3 litres o f chilled water at a temperature of less than 10°C. The 
temperature o f the cooling water could be reduced only through the addition of ice 
and so resulted in a limitation on the duration o f time the heater could be operated 
for.
However, to increase effective operating time a second heat transfer stage was 
introduced to the cooling circuit. Once the cool water had been passed through the 
cooling jackets it flowed through 2 metres o f coiled copper pipe which was 
immersed in ice-water contained in a larger insulated vessel. From here it returned to 
the reservoir. The temperature o f the water in this insulated vessel was much easier 
to maintain since it does not form part o f the closed cooling circuit. This process 
prevented the temperature o f the reservoir water from increasing due to the heater 
and allowed continuous heating for a number of hours.
Figure 4.11 shows a photograph of the probe and heater assembly within the 
GARField magnet during a typical high temperature MR measurement. Clearly seen
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are the Microtherm flexible insulation and the water cooling jackets lining each 
pole piece. The sample was placed on the coil via the opening above the probe plate. 
This opening also allowed UV to irradiate the sample.
Figure 4.11: Photograph of prohe and heater assembly situated within the GARField magnet 
with Microtherm® insulation and water coolers during a typical high temperature M R  
measurement.
4.5 Full instrumentation setup
This chapter has discussed the development o f new instrumentation that has allowed 
acrylic samples to be irradiated and measured at room temperature and at 
temperatures in excess o f 120°C. The fu ll equipment setup may be thought o f as 
comprising four parts: The first consists o f all the pre-existing hardware used to 
record conventional MR profiles on GARField. Secondly, to conduct this study a 
new high temperature probe was designed and constructed, which when coupled to a 
readily available PID controller and some additional electronics made in house, 
allowed thin film  samples to be measured over a wide range of temperatures. The 
third system comprises the cooling system which must be used in conjunction with 
the heater for any measurements made at elevated temperatures. Finally a system 
was developed which safely houseed a UV lamp away from the magnetic field and 
allowed the experimenter to control the irradiation doses with a simple shutter.
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Figure 4.12 shows a block diagram o f the key instrumentation used to record MR 
profiles of thin f ilm  acrylic adhesives. The diagram does not feature the UV 
iiTadiation facility.
Pump
A /4
Amplifier
Duplexer
Computer
Reservoir
Control
box
Spectrometer
PID
controller
Pre-
Amplifier
Heat
Exchanger
Figure 4.12; Block diagram showing the key instrumentation used to take M R  profiles at 
amhieiit and high temperature.
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Chapter 5
Magnetic Resonance of UV cured 
acrylic adhesives
5.1 Introduction
This chapter contains magnetic resonance studies o f acrylic adhesive samples, 
conducted at room temperature (circa 22°C), which undergo free radical 
polymerisation during exposure to U V light. The acrylic adhesives are formulated 
and supplied by National Starch and Chemical (NSC). Section 5.2 details each o f the 
formulations investigated.
NM R observable parameters are known to depend on the mechanical properties o f 
polymeric systems [Spiess, Sotta et a l, 1996; Blumler and Blumich, 1997; 
Guthausen, Guthausen et a l,  2000; Saalwachter, 2007]. Consequently, measurement 
o f the *H relaxation time constants, T\ and T2 , o f the adhesive before and after 
exposure to UV, offers an insight into the moleculai* dynamics and hence crosslink 
density. As the adhesive cures, the mobility o f the ‘H throughout the system aie 
expected to reduce leading to a corresponding reduction in T2 .
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Knowledge of these relaxation paiameters allows for the optimisation o f imaging 
experiments, where the density and m obility can be determined as a function of 
position within the adhesive layer. GARField magnetic resonance offers a means of 
imaging a thin layer with micron resolution. However, such imaging often produces 
ambiguous results and direct comparison between relaxometry and imaging 
measurements is therefore not straightforward. To compensate for this, a method of 
projecting 1-Dimensional images or profiles based on the relaxation data is 
introduced.
As a continuation o f the room temperature studies, the subsequent chapter shows the 
effects o f changing (i) the irradiation regime and (ii) the adhesive formulation, on 
both the intermediate and final degrees o f cure. The effect o f dark cure is also 
investigated to determine which factors have the most influence on how the adhesive 
cures.
5.2 Sample Formulations
Samples were supplied by NSC in the form o f 300x200 mm sheets o f adhesive. 
These were coated at a typical weight o f 200 gsm, which conesponds to a thickness 
o f circa 200 pm. The adhesive was coated onto a backing liner o f either 
polyethylene terephthalate (PET) or Cotek -  a silicone coated paper product. There 
were two types o f Cotek liners: cream (unknown product code) and white (2PE 120 
2V), which was more easily sepaiated fi'om the adhesive. The upper surface was then 
covered by a silicone based release liner.
NSC provided samples o f UV4200 -  a free radical curing acrylic based PSA. In 
addition, they supplied samples which consisted o f various formulations o f the 
components which made up the final product. The various formulations were as 
follows:
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1. Pure base acrylic resin.
2. Base acrylic resin with unsaturated multifunctional acrylates.
3. Base acrylic resin with unsaturated multifunctional acrylates and additional 
photoinitiator.
4. Base acrylic resin w ith tackifier.
5. Full formulation UV4200.
The base acrylic resin is a U V  crosslinkable hot melt polymer formulated from 
methyl methacrylate, butyl methacrylate and 2-ethylhexyl acrylate and has a 
molecular weight o f circa 300,000. I t  contains 0.4 wt% of bound photoinitiator, 
benzophenone which is initiated by exposure to UVC photons. Added to this are 
additional multifunctional acrylates, which aie incorporated to increase the amount 
of crosslinking per unit dose and additional photoinitiators that are not bound onto 
the acrylic polymer and which are initiated by a wider range of photon wavelengths. 
The base resin may be tackified with the glycerol ester o f highly hydrogenated 
refined wood rosin manufactured under the name Foral 85-E. Differential Scanning 
Calorimetry (DSC) performed by NSC showed that the tackifier does not combine 
with the polymer; instead they create a fu lly  mixed one phase system [Palasz, 2006]. 
NSC recommends a dose of approximately ImJcm'^ UVC for every 1pm o f coating 
thickness to fu lly  cure a sample of fu ll formulation UV4200.
The concentration of each component contained in the various formulations is given 
in Table 5.1.
Sample Formulation
Concentration of each component (wt%)
Base Resin Benzophenone M A  Pi Tackifier
Base Resin 99.5 0.4 - -
Base Resin + Multifunctional Acrylates 94.6 0.4 5.0 “  —
Base Resin + Multifunctional Acrylates + Pi 93.6 0.4 5.0 1 .0
Base Resin + Tackifier 79.6 0.4 - 2 0 .0
Full Formulation UV4200 73.6 0.4 5.0 1 .0  2 0 .0
Table 5.1: Concentration of each component for the various formulations. M A  is 
multifunctional acrylate. Pi is additional photoinitiator.
76
____________________________ Ch a p te r  5: M a g n e t ic  R e s o n a n c e  O f U V  C u r e d  A c r y l ic  A d h e s iv e s
5.3 Relaxation measurements
In order to determine the experimental parameters which would be used when 
profiling the samples using GARField it  was necessary to first measure the T\ and T2 
relaxation times for the valions formulations. This was performed using a 20 MHz 
Maran bench top spectrometer with a 0.5 T magnet. The advantage o f using a low 
field system for these measurements is that the RF pulse power is relatively small 
and therefore the receiver dead time can be minimised. This ensures any fast 
relaxation component can be recorded.
For these measurements samples were constructed by rolling a strip o f adhesive circa 
15x100 mm, wrapping it  with polytetrafluoroethylene (PTFE) tape and subsequently 
placing it  in the bottom of a 10 mm outside diameter glass NMR tube. The mass of 
each sample was recorded prior to them being rolled and wrapped so that the 
magnitude o f the NM R signal from all of the samples could be normalised. For each 
formulation two similar samples were made for each of the different liners, one o f 
which was iiTadiated by 200mJcm'^ UVC. The sample masses varied between 450 
and 550mg. O f this mass, the liners represented 37, 42 and 59% for the white Cotek 
(2PE 120 2V), cream Cotek and PET respectively. Each sample therefore contained 
285 ± lOmg of adhesive. For one sample, on each of the liners, the adhesive was 
carefully removed using acetone. This procedure was conducted so that the adhesive 
could be measured independently, tlius determining the contribution fi*om the liner. 
Finally, a sample o f pure PTFE tape was constructed to ensure that the signal from 
the ^^F within the tape was not incorporated in the measurements due to 
gyromagnetic ratio o f ^^F being close to ^H and the large excitation pulse bandwidth 
that was used.
5.3.1 Longitudinal relaxation -
Longitudinal relaxation was measured using the inversion recovery method detailed 
in Chapter 3. The RF pulse lengths are calculated using the auto-measure function o f 
the spectrometer and were set to 2.2 ps and 4.4 ps for a 90° and 180° pulse 
respectively. After an in itia l 180° pulse, an FID is recorded after an evolution time t . 
For each experiment t  varied from 10-3000 ms in 32 logarithmic steps unless stated
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otherwise. In addition, 8 averages with an interval o f 1 second apart were taken for 
each measurement.
The maximum signal recorded in the FID is proportional to the bulk magnetisation 
after a given recovery time. Plotting .the magnetisation or signal intensity as a 
function o f t , allows the determination o f the relaxation time constant w ith which the 
magnetisation returns to equilibrium -  T\. Figure 5.1 shows the recovery of two 
samples -  uncured (solid squares) and after 200 mJcnT^ UVC (open circles) - o f fu ll 
formulation UV4200.
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Figure 5.1: Magnetisation as a function of recovery time t , following an inversion recovery 
experiment for samples of full formulation UV4200 uncured (solid squares) and after 
200 mjcm^ UVC (open circles). A single component exponential growth function has heen fitted 
to the data to yield values for
Fitted to the raw data is the function given in Equation 5.1, which uses the variables 
Mo, a and T\ to yield the relaxation time and magnitude Mq, of the NM R signal, a is a 
measure of how close to 180° the in itia l inversion pulse is and ranges between 1 and 
2, with 2 being a true 180° pulse. The solutions to the function were found using 
OriginLab scientific graphing and analysis software which uses a Levenberg- 
Marquaidt algorithm to solve non-linear problems.
1]M (f)  = Mo|^l-6yexp|^ ^  j (5.1)
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Each sample was measured and processed in this way. The use o f a 20 ps dead time 
prior to the acquisition o f the FID successfully removed any short component which 
may have been produced by the liner and therefore only a single component function 
was needed. The results appeared independent o f the liner, consequently, they have 
been averaged for each formulation and are presented in Table 5.2. The fu ll data for 
each o f the formulations on all three liners is provided in Appendix A.
Sample
Formulation
UVC Dose 
(mjcm^)
Mo 
(arb. units)
a T i
(ms)
Base Resin 0 2820 1.96 85 ± 1
Base Resin 200 2660 1.96 86+1
Base Resin + Multifunctional Acrylates 0 2740 1.96 82+1
Base Resin + Multifunctional Acrylates 200 2500 1.94 99+1
Base Resin + Tackifier 0 2310 1.95 95 ± 1
Base Resin + Tackifier 200 2260 1.94 99+1
Full Formulation UV4200 0 2020 1.89 99+1
Full Formulation UV4200 200 2020 1.94 105 ±1
Cream Cotek Liner - 220 1.56 110+10
White Cotek Liner - 380 1.80 125 + 6
PET Liner - 95 1.73 397 + 54
PTFE Tape - 45 2.00 71 ±20
Table 5.2: Magnetisation and relaxation parameters following an inversion recovery experiment 
for each of the formulations averaged for each liner. Values are produced from the solutions to 
Equation 5.2 found using a Levenberg-Marguardt algorithm to solve non linear problems. 
Random noise was added to the data and 5 replicates analysed. Quoted errors are based on 
standard deviations of the fits.
The formulation containing base resin w ith unsaturated multifunctional acrylates and 
an additional photoinitiator was unavailable at the time of performing these 
measurements and is therefore absent in Table 5.2.
It is clear that the T\ times for an uncured sample and one exposed to 200 mJcm'^ 
UVC remain similar for each o f the formulations w ith the exception o f the samples 
o f base resin with unsaturated multifunctional acrylate. This result was expected, 
since Ti is predominately a measure o f the local density w ithin the sample and 
should therefore not be affected by increasing the crosslink density. In addition, the 
small change between the T\ times suggests that the high frequency motion is 
similar in the two cases and is likely dominated by small group rotations (i.e., CHz) 
which should also remain relatively unchanged following the tiansformation from 
free chains to a loosely crosslinked network.
79
____________________________ C h a p te r  5: M a g n e t ic  R e s o n a n c e  Of  U V  C u r e d  A c r y l ic  A d h e s iv e s
Examining the relaxation times for tlie liner samples it  becomes apparent that the T\ 
times for both the Cotek liners are similar to that o f the adhesive, although the 
magnitude o f the NMR signal is an order of magnitude lower. These samples were 
measured w ith a dead time o f 5 ps to ensure any signal from the liner would be 
recorded. However, it  is not clear at this time whether the small signal present is 
actually due to the liner or from small residual traces o f adhesive. As the liners are 
paper based they could only be lightly cleaned w ith solvent after the adhesive was 
removed. In comparison, the more durable PET liner could be soaked in solvent 
which should have more thoroughly removed all traces of acrylic resin. Both the 
magnetisation and relaxation times for the PET sample are very different to both the 
adhesive and Cotek liner samples implying that these values are for the liner only. 
The PTFE sample, despite being approximately ten times the amount o f the PTFE 
used to wrap the adhesive samples, also generates only a very small NM R signal. As 
such it  can be stated with confidence that the values in Table 5.2 for the formulations 
are exclusively due to the different formulations o f adhesive and do not contain a 
significant component from either the liners or the PTFE present in the sample.
In addition to the measurements detailed above, further samples o f three o f the 
formulations were measured after they had been exposed to UVC doses ranging from 
10-500 mJcm'^. The samples were prepared and measured in the same way as the 
previous samples. The formulations chosen were (i) the base resin with unsaturated 
multifunctional acrylates since this provided the most T\ contrast, and (ii) base resin 
with unsaturated multifunctional acrylates and additional photoinitiator, as this was 
not measured during the previous experiment and (iii) fu ll formulation UV4200. 
These results are shown in Table 5.3.
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Sample UVC Dose Mo a T i
Formulation (mjcm*^) (arb. units) (ms)
Base Resin + Multifunctional Acrylates 0 1180 1.84 78 ± 1
Base Resin + Multifunctional Acrylates 10 1210 1.87 83 ±1
Base Resin + Multifunctional Acrylates 20 1030 1.82 85+1
Base Resin + Multifunctional Acrylates 50 930 1.81 87+1
Base Resin + Multifunctional Aciylates 100 1290 1.85 87+1
Base Resin + Multifunctional Acrylates 200 1180 1.86 87 ±1
Base Resin + Multifunctional Acrylates 500 1210 1.87 88+1
Base Resin + Multifunctional Acrylates + Pi 0 1700 1.85 80 + 1
Base Resin + Multifunctional Acrylates + Pi 10 1670 1.86 87 ±1
Base Resin + Multifunctional Acrylates + Pi 20 1640 1.86 89 ±1
Base Resin + Multifunctional Acrylates + Pi 50 1570 1.85 89+1
Base Resin + Multifunctional Acrylates + Pi 100 1540 1.85 90+1
Base Resin + Multifunctional Acrylates + Pi 200 1730 1.86 90 ± 1
Base Resin + Multifunctional Acrylates + Pi 500 1490 1.84 91 + 1
Full Formulation UY4200 0 1010 1.86 94+1
Full Formulation UV4200 10 940 1.85 97 ± 1
Full Formulation UV4200 20 950 1.85 99 + 1
Full Formulation UV4200 50 960 1.86 99 ± 1
Full Formulation UV4200 100 870 1.82 101 + 1
Full Formulation UV4200 200 920 1.86 101 + 1
Full Formulation UV4200 500 940 1.86 102 ± 1
Table 5.3: Magnetisation and relaxation parameters following an inversion recovery experiment 
for three different formulations which were exposed to UVC doses between 0 and 500 mjcm'^. 
Values are produced from the solutions to Equation 5,2 found using a Levenberg-Marguardt 
algorithm to solve non-linear problems. Random noise was added to the data and 5 replicates 
analysed. Quoted errors are based on standard deviations of the fits.
By drawing comparisons between the measurements o f the base resin with 
multifunctional acrylates and fu ll formulation UV4200 in Table 5.2 and Table 5.3 it 
can be seen that differences arise between the T\ values for uncured and those after 
200 mJcm^ UVC. There are a number o f possibilities as to the origins to these 
differences: firstly, the values for a in Table 5.3 are consistently lower than those in 
Table 5.2 for each sample. This suggests that the 180° inversion pulse for the latter 
data set was further away from a true 180° pulse, indicating that the bench top 
spectrometer was not so well optimised. This is further supported by a lower Mo 
value for the samples in Table 5.3 despite each o f the samples being nominally twice 
the mass o f those in Table 5.2. However, the decrease in signal intensity may also be 
attributed to temperature variations, which are known to have a considerable effect 
and are discussed in Chapter 6.
A  second possibility may be due to the inevitable variation in material that would
occur from the manufacture and preparation o f the samples. This may result in
different samples taken from the same 300x200 mm adhesive sheet having different
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properties and relaxation times. In addition the data shown in Table 5.3 was taken a 
number of months after the in itia l measurements; therefore ageing o f the samples 
may also contribute to the observed differences. It is unclear as to the exact effect 
this may have on the samples but Table 5.2 and Table 5.3 both show how the T\ 
increases and signal intensity decreases with exposure in U V  radiation, W hilst the 
samples were stored away from sources o f U V  light, background exposure would 
still have occurred and the samples would therefore not be identical on the two 
accounts they were measured.
Finally, since the size o f the samples for the second data set was greater than those of 
the first, it may be that the sample was larger than the coil of the probe in the bench 
top spectrometer. The RF pulse would therefore not be uniform throughout the 
sample and could lead to variations such as those seen. However, this is thought to 
be a second order effect and is not expected to be as important as some of the 
possibilities outlined above. I t  is believed that no single effect is likely to fu lly  
explain the origin o f the differences; rather all o f them lead to a systematic shift in 
relaxation times. Both data sets contain repeated measurements on same and similar 
samples including measurements with a wider range o f x values to determine whether 
a longer T\ component was present. These repetitions all showed very little  
variability in the values for T\, a and M q throughout the individual days they were 
measured.
5.3.2 Transverse relaxation -  T 2
Transverse relaxation can also be measured on the Maran bench top spectrometer. 
This is performed by utilising a CPMG pulse sequence as described in Chapter 3. As 
was described in the inversion recovery experiment, the 90° and 180° pulse lengths 
are calculated and set to 2.2 ps and 4.4 ps, respectively. For this experiment an echo 
chain consisting o f 32 echoes, spaced 80 ps apart is produced. The signal intensity 
for each echo is measured by taking an average from 16 points spaced 2 ps apart 
centred on the echo. Every acquisition is repeated 512 times w ith each repetition 
occuii'ing 500 ms apart.
The decay in signal intensity or bulk magnetisation with each consecutive echo,
allows the determination o f the transverse relaxation time -  72. Figure 5.2 shows the
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magnetisation as a function o f echo time for two samples of fu ll formulation UV4200 
-  uncured (solid squares) and after 200 mJcm'^ UVC (open circles).
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Figure 5.2: Signal intensity averaged across the top of 32 echoes from a CPMG sequence for two 
samples of full formulation UV4200. Uncured (blue squares) and after 200 mjcm'^ UVC. A two 
component exponential decay function has been fitted to the data to yield values for T^.
I t is clear from inspection o f Figure 5.2 tliat the signal decay contains both a short 
and a long component. Fitted to the data is the function given by Equation 5.2, 
which uses the variables Mo and for the short component, M \ and for the long 
component and an offset given by M 2. The solutions to the function were found 
using the same software as discussed above. A  tri-exponential was also tried on the 
data set; however, this was not seen to improve the accuracy o f the fit.
+ M^ exp f~n Bv-^2 y
H- M. (5.2)
As with measurements o f the longitudinal relaxation, little variation was seen 
between similar sample formulations measured on different liners. Therefore, the 
transverse relaxation values have also been averaged to give a single value for each 
formulation. These averages are shown in Table 5.4 with the fu ll results listed in 
Appendix A.
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For each of the different formulation samples the first component is much more 
dominant, accounting for approximately 80-90 % of the signal. This was in itia lly 
thought to be due to the adhesive, whilst the second, longer component was thought 
to be the liner. However, analysis o f the liner only samples shows that they too have 
similar T2 relaxation times to the adhesive but w itli much smaller signal intensity. It 
is therefore thought that the adhesive samples have a short component which 
obscures any signal from the liner and a second longer component. The origin, of 
each o f these components is d ifficu lt to ascertain. The various components of a 
crosslinked network in elastomers are well documented to have different relaxation 
times [Hafner and Barth, 1995; Blumler and Blumich, 1997; L itvinov and Dias, 
2001; Maddinelli, Borgia et a l,  2001]. Furthermore, Maxwell, Cohenour et a l 
(2003) and Callaghan and Samulski (1997) and references therein, assign the shorter 
component to crosslinked network species and the second, longer component to low 
molecular weight species and dangling chain ends. Hence, a likely possibility is that 
the large molecular weight polymer chains in the uncured polymer and the 
intercrosslink chains formed after UV irradiation account for the shorter and hence 
less mobile component. W hilst the polymer side chains, low molecular weight 
species and dangling chain ends account for the longer, more mobile component.
In comparison to the inversion recovery experiment, a greater variation in T2 is seen 
between uncured samples and those exposed to 200 mJcm'^ UVC for each 
formulation. This is due to T2 being more weighted by the mobility o f the ^H within 
the samples. As the adhesive cures, crosslinks form between polymer chains and the 
low frequency motion associated w ith molecular mobility decreases resulting in a 
reduction in T2 . This reduction is most apparent w ith tlie sample o f base resin with 5 
wt% multifunctional acrylate, where after 200 mJcm'^ UVC, T2^ reduces to circa 
80 % o f the initial value. The low molecular' weight species and polymer side chains 
w ill also become more incorporated into the crosslinked network as the adhesive 
cures. A  reduction in is therefore also seen between similar formulations 
uncured and after 200 mJcm^ UVC. However, small chain ends, which also form 
part o f the longer component, are likely to remain free after irradiation. 
Consequently does not change by as much as
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Further supporting these inteipretations are the magnetisation values fo r each o f the 
components: As the low molecular weight species become part o f the crosslinked 
network, the weighting o f the longer component should decrease, w hilst the intensity 
o f the shorter component would be seen to remain the same. The magnetisation 
values in  Table 5.4 consistently show this, w ith Mo generally varying by only a few 
percent, whereas M i reduces by as much as 40 ± 5 % fo r the sample o f base resin 
w ith 5 wt% m ultifunctional acrylate. The relaxation data in Table 5.4 and Appendix 
A  also shows that the total signal intensity decreases between uncured and cured 
samples o f the same formulation, which suggests that a very short unseen component 
may be present. However, the changes in total signal intensity are so small that they 
may well be insignificant and therefore the possibility o f this additional component 
cannot be substantiated.
As a consequence o f the short component dominance seen in  tlie Table 5.4 data, the 
firs t component o f each sample is expected to contribute more to any contrast seen in 
GARField magnetic resonance measurements. The long components o f the cream 
Cotek liner, PET liner and the PTFE samples are due to the small residual signal 
w ith in  the bench top magnet. This was verified by performing a measurement o f the 
empty sample cavity.
It is clearly evident from  Table 5.4 that the Ti relaxation times fo r each o f the 
formulations are sensitive to changes in  the crosslink density and therefore the 
degree o f cure w ith in the adhesive. To further assess this relationship, the samples 
shown in  Table 5.3 were also measured using the same CPMG experiment. The data 
points were also fitted w ith  a two component exponential function given by Equation 
5.2 using OriginLab scientific graphing and analysis software. These are shown in 
Table 5.5.
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As w ith the measurements o f T i, the bench top spectrometer appeared to not be as 
optimised as w ith the firs t samples. This is apparent in  the increased uncertainty 
associated w ith the solutions to the non-linear fits  seen in  Table 5.5 compared to 
those in  Table 5.4. However, a noticeable trend can be seen whereby both the long 
and short Ti components decrease w ith increasing dose, suggesting the formation o f 
crosslinks w ith in the samples. Furthermore, the long component is seen to be more 
dominant in  these measurements compared to those recorded previously, shown in 
Table 5.4. It is unclear to the exact course o f this difference but it  is thought to be 
due to the difficu lties in fittin g  sepaiate T2 components which d iffe r by no more than 
a factor o f 5. Further explanation may be found in  the discussion on the observed 
differences in  T\ in  Section 5.3.1 which also hold fo r these measurements o f Tn 
recorded on the same day.
The relationship between T2 and crosslink density is w ell documented in  elastomers. 
Chinn, et a l (2006) and M axwell, et a l (2003) show through thermal and radiation 
ageing how T2 in  silicone elastomers is inversely proportional to the crosslink 
density, as confirmed through mechanical testing. Elsewhere, Menge, et a l (2000) 
present plots o f T2 as a function o f concentrations o f different crosslinking agents in 
poly(butadiene) elastomers. The authors demonstrate that T2 decreases slightly w ith 
increasing amounts o f the crosslinking agent. They also go on to show an increase in 
intercrosslink chains and a decrease in dangling ends and free chains. W hilst these 
acrylic adhesives do not exhibit the same degree o f crosslinking as the elastomer 
systems discussed in  the above references, sim ilai' trends in  T2 and the weighting o f 
each component can be seen.
The T2 values presented in  Table 5.5 indicate that adding 1 wt% o f the additional 
photoinitiator does not appear to increase the overall crosslink density o f the cured 
adhesive compared to the sample o f base resin w ith 5 wt% m ultifunctional acrylate. 
However, the short T2 component shows that adding the additional photoinitiator 
fu lly  cures the sample after a lower dose.
Further conclusions regarding the transverse relaxation o f the cured adhesives can 
only be made tentatively due to the nature o f the CPMG experiment used to measure 
T'2. The shortest inter-pulse gap possible during these experiments was 40 ps due to
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the constraints w ith the bench top specti'ometer, such as instrument dead time and 
pulse duration. This resulted in  an echo time o f 80 ps. Consequently, greater than 
95% o f the short component had decayed by the fifth  echo which imposes difficulties 
in  fittin g  an exponential function. For this reason, great caie was given to the data 
analysis, including systematically adding random noise to determine the accuracy o f 
the fits. Further d ifficu lties are found when both components have sim ilar time 
constants or, are calculated from  a relatively small number o f points. Again, the 
echo time lim its the number o f points which can be recorded and further applies a 
constraint on the accuracy o f the fit.
5.3.2.1 Determination of the gel fraction
In order to quantify the relationship between T2 and crosslink density, samples were 
swelled in solvent, removed and weighed to determine the gel fraction as a function 
o f U V dose. The swelling process separates the bulk crosslinked polymer (the gel 
fraction) from  free chains and other low  molecular weight species which do not form  
part o f the inter-crosslinked network. Seven samples o f base resin w ith 5wt% 
unsaturated m ultifunctional acrylates were adhered to the bottom o f separate, pre­
weighed petii dishes. These were subsequently weighed once more to calculate the 
mass o f the adhesive layers, which was found to be circa 140 ± 20 mg. The samples 
were then irradiated w ith 10, 20, 50, 100, 200, and 500 mJcm'^  UVC, the fina l 
sample remaining uncured as to provide a control. 20 m l o f acetone was then added 
to each o f the petri dishes before covering w ith Parafilm®, to prevent solvent 
evaporation. The samples were then le ft to swell fo r 30 minutes.
Once the residual solvent had evaporated away, an attempt to remove and weight the 
gel fraction was made. This proved to be d ifficu lt due to delicacy o f the gelled 
polymer. Unsurprisingly, no gel material could be extracted for the uncured sample 
since there was no crosslinked network. However, whilst noticeable gel fractions 
were present in  the remaining samples, reliable weighing could not be made as the 
swollen polymer disintegrated during extraction. Furthermore, there was also no 
obvious difference between the fu lly  cured sample and those irradiated w ith 
relatively small UVC doses. This is like ly  to be due to the restrictions o f the 
technique. The gel fraction is defined as the portion which forms a loosely-held 
network o f linked molecules throughout the dispersion medium [Daintith, 2000].
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Therefore, i f  only one crosslink exists between each chain they w ill s till form  pai’t o f 
the inter-crosslinked network and hence the gel fiaction. Consequently, the gel 
fraction w ill be high but the crosslink density and mechanical properties o f the film  
w ill be low. For this reason it  was decided not to repeat the experiment since the 
results would not be able to be used to quantify the NM R measurements.
W hilst the relaxation data measured on the bench top spectrometer does not provide 
absolute crosslink densities in  the cured adhesives, it  does offer an insight into the 
results o f further magnetic resonance studies: in particular, any imaging studies w ill 
show greater contrast in  the samples o f base resin w ith 5wt% unsaturated 
m ultifunctional acrylates and w ith the additional photoinitiator, compared to samples 
o f pure base resin since the relaxation time constants show a greater variation from 
uncured to cured samples. Furthermore, the higher values fo r Mq in  both the T\ and 
T2 sets for the samples o f base resin and base resin w ith m ultifunctional acrylate, 
indicate that the signal intensities w ill be higher than fo r sim ilar mass samples o f 
base resin w ith 20 wt% tackifying resins and the fu ll form ulation UV4200.
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5.4 GARField Magnetic Resonance Profiling
5.4.1 Profiling the basic acrylic resin
The new sample mounting probe could accommodate samples which had maximum 
dimensions o f 20x20 mm in  the x-z plane. However, since the sample region being 
measured is given by the diameter o f the co il it  was more typical to create samples 
15x15 mm which require less adhesive and are easier to handle. In this form  they 
s till provide a clear central region, free from  unwanted film  edge effects. These 
samples were cut from  the same sheets o f adhesive supplied by NSC which were 
introduced at the start o f this chapter and were a ll taken from  the adhesive coated 
onto the white (2PE 120 2V) Cotek liner since this has the lowest release value. 
Each sample consisted o f two 15x15 mm squares adhered to an 18x18 mm, 150 pm 
thick glass coverslip. This provided a single adhesive layer w ithout liner w ith an 
approximate thickness o f 400 pm.
The profiles recorded on GARField are produced by the Fourier transform o f each o f 
the sepaiate echoes in a ~ \p -  P^,—x — echo sequence w ith  x = 75 ps, which are
then co-added to improve the signal to noise ratio. Due to the strong gradient and use 
o f a surface coil, the pulse flip  angle {p) is nominal, but o f the order o f 90° at the 
base o f the adhesive layer. For each echo 256 data points were acquired at an 
interval o f 0.7 ps. The resulting profiles therefore have a spatial resolution o f 16 pm. 
Each profile was acquired using 2048 averages and a repetition time o f 350 ms, 
which is at least 3.5 Ti unless stated otherwise. The total imaging time was therefore 
o f the order o f 12 minutes.
The observed signal in  a GARField profile decreases along the y-direction due to the 
pulse flip  angle deviating from  a true 90° and to the sensitivity o f the RF coil 
decreasing w ith distance. Consequently, the shape o f the profile must be normalised. 
This is accomplished by imaging a sample o f uniform  rubber w ith a thickness far in 
excess o f the fie ld  o f view along the vertical axis. Since the rubber sample should 
have a uniform  NM R signal at a ll depths it  allows fo r the shape o f the adhesive 
profiles to be collected. However, as a consequence o f the rubber having different
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relaxation times to the sample o f interest this results in improper shape normalisation 
which manifests itse lf as an observed gradient in  the signal intensity across the 
adhesive layer. This can be rectified by assuming that the NM R signal fo r the 
uncured adhesive should be constant throughout the layer, allow ing the gradient in  
the uncured sample to be removed by application o f a suitable matliematical 
function. Each consecutive profile  fo r the same sample is then normalised firs t to the 
uniform  rubber sample and then by the function used on the firs t uncured sample to 
ensure any change in signal intensity at depth is not related to the instrumentation.
Figure 5.3 shows a profile  o f pure base acrylic resin measured uncured and follow ing 
a dose o f 200 mJcm'^  UVC. The profiles were measured and processed using the 
method described above and are taken from  a data set fo r a sample o f base resin 
exposed to increasing amount o f UVC. This fu ll data set is shown in  Figure 5.5 and 
is further discussed in  Section 5.4.2.1.
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Figure 5.3: GARField profiles of a sample of pure base acrylic resin, circa 400 pm in thickness, 
measured uncured and following 200 mjcm"^ UVC. Quoted doses are estimated total UVC  
doses. UV irradiation occurs from the right hand side of the profile. The spatial resolution is 
16 pm.
The RF excitation/sensor co il lies unseen to the le ft hand side o f the profile. The 
region o f zero signal below circa 100 pm is attributed to the glass coverslip, which 
the sample is adhered to and the adhesive layer is seen to extend from  circa 100-
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500 pm. U V iiTadiatioii occurs from  the right hand side o f the profile. The signal 
produced by GARField is proportional to the local proton density w ith in the 
sample and is strongly weighted by the m obility o f the through the NMR 
relaxation times T\ and Since the 'H  are found throughout the acrylic polymer as 
well as in  functional groups, both the chains and groups contribute to the overall 
NM R signal. As crosslinks form  between polymer chains, the m obility o f individual 
chains decreases resulting in  a reduction in the intensity o f the overall signal.
The appearance o f a step in  the profile  measured fo llow ing irradiation by 
200 mJcm'^  UVC at 275 pm indicates that the adhesive is not fu lly  cured across the 
fu ll depth o f the layer. This is like ly  due to the attenuation o f the UVC photons 
which fo llow  the Beer-Lambert relationship in  the adhesive, thus producing a lower 
photon flux in  the lower regions o f the sample. Since the sample contains only 
0.4 wt% bound photoinitiator the crosslink density in  a fu lly  cured adhesive is 
expected to be low. This is confirmed by the relatively small reduction in  signal 
intensity fo llow ing U V irradiation seen both in  the top fraction o f the GARField 
profile  and in  the relaxation measurements performed on the bench top spectrometer. 
In addition, the GARField profiles also suggest a slight reduction in  total film  
thickness after irradiation, which is to be expected as the free polymer chains form  a 
tighter inter-crosslinked network upon curing.
In  Section 5.3, it  was shown that the T\ relaxation time and hence *H density w ith in a 
sample remains sim ilar before and after U V  irradiation and that a greater variation in 
the 22 and therefore m obility is seen. This indicates that almost a ll o f the contiast 
seen in  the GARField profiles in Figure 5.3 is related to molecular m obility rather 
than T\ effects.
5.4.1.1 Profile back-projection model
To further understand the relationship between the relaxation times and 
measurements made on GARField it  was necessary to directly compare the signal 
intensities o f both GARField profiles to tliose resulting from  the two component T2 
and single component T\ fits  presented in  Table 5.2 and Table 5.4. The signal 
intensity presented in a GARField profile  is the summation o f the echo intensities in
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the CPMG envelope. To this end, a simple model was constructed whereby a CPMG 
type sequence was simulated to produce projected signal intensities.
The relaxation data for the sample o f uncured base acrylic resin was firs t used to 
calculate the magnetisation M  as a function o f time using Equation 5.3.
M {t )  = M. 1 -exp J ]e xp ' - 2 n r ' '
1 JJ ;i«0
+ 1 -exp R D 2^ exp
rt=0
(5.3)
A  value for the time step x o f 150 ps was chosen which corresponded to the echo 
time used when recording profiles on GARField. Furthermore, xrd was 350 ms and 
the number o f echoes, nech was 32, in  keeping w ith the parameters used in the 
standard GARField acquisition. The function given above therefore provided the 
simulated CPMG decay, where M (t) equates to the maximum intensities o f the spin 
echoes in  the echo train.
W hilst it  is not possible to equate this magnetisation w ith  the signal intensity seen in 
a GARField profile, it  is obvious that fo r any uncured samples o f like  formulations, 
the two are directly proportional. As a consequence, the value was set equal to the 
average signal intensity across the fu ll depth o f the uncured profile in  Figure 5.3.
This process was repeated w ith  the relaxation data for the sample o f base acrylic 
resin exposed to 200 mJcm'^  UVC. The calculated value for the magnetisation for 
this sample was found to be smaller than that fo r the uncured one, providing a 
measure o f the contrast between the two. To visualise the contrast and allow direct 
comparison to GARField measurements, pseudo profiles were created by firs t 
normalising the calculated magnetisation fo r the uncured sample to the average 
signal intensity across the fu ll depth o f the conesponding profile, subsequently 
creating an idealised profile  on a point by point basis. The profile  fo r the sample 
irradiated by 200 mJcm'^  UVC was then simulated using the measured contiast. 
Finally, these projection model profiles could then be plotted on the same axis as the 
recorded GARField profiles, as shown in Figure 5.4. The projection model assumed 
no depth dependence o f U V light.
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Figure 5.4: Profiles of pure base acrylic resin measured uncured (squares) and after 
200 mjcin'^ UVC (circles) on GARField (solid symbols) along with modelled profiles for 
uncured sample and after 200 mjcm'^ UVC (open symbols).
Figure 5.4 shows a good agreement between the GARField profiles and those 
simulated from  relaxation measurements. The samples measured on the bench top 
spectrometer were created from  layers approximately half the thickness o f those 
profiled w ith GARField. As such, it  is believed that the adhesive was fu lly  cured 
throughout the layer, whereas Figure 5.4 indicates a non-uniform depth o f cure in the 
GARField profile. To compare these profiles, the mean signal intensity was 
calculated across the fu lly  cured region o f both profiles: 125 to 400 pm for the 
modelled profiles and from  300 to 400 pm fo r GARField profiles. The reduction in 
signal intensity fo r these regions was therefore found to be 0.76 ± 0.01 to 0.66 ± 0.01 
(13 ± 2 % )  and 0.75 to 0.64 (14 ± 3 %) fo r the GARField and projection modelled 
profiles, respectively. The uncertainty in  the value fo r the measured profiles arises 
from  the standard deviation from  the average intensities, where as the uncertainty in 
the simulated profile ai'ises from  propagating the uncertainties found in  the fitting  
functions.
Having a simple method fo r correlating relaxation times w ith  GARField profile 
intensities allows fo r the investigation into the effects each o f the relaxation 
processes have on the observed GARField images. Effectively switching T\ 
relaxation o ff s till results in  a reduction in  the cured profile o f 13 ± 3 % compared to
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14 + 3%  w ith T\ relaxation. However, switching Ti relaxation o ff reduces the 
intensity o f the cured profile  by only 1 + 3 %. This is expected due to the fact that 
the system rapidly reaches steady state free precession and the repetition time is long 
compared to Ti. As such the magnetisation is almost fu lly  recovered at the beginning 
o f each CPMG echo train. Furthermore, in  their recent paper Goga, Demco et a l  
(2008) show that in  the lim it where the echo time is shorter than T2 the summation 
over the echoes becomes directly proportional to T2 .
W ith this method o f modelling profiles it  is also possible to look at the individual 
effect that the long and short T2 components have on the GARField profile. 
M odelling only the short component, produces a reduction in signal intensity o f 
10 + 3 % follow ing U V inadiation, where as modelling the long component only 
reduces the signal by 5 + 3 %. This was expected since the short component which 
accounts fo r 88% of the signal, is believed to represent the lai'ge molecular weight 
chains that form  the crosslinked network. Subsequently, when the adhesive is 
irradiated w ith U V  and begins to crosslink, the motion o f the lai’ge moleculai' chains 
is reduced, leading to a reducing in  the short T2 component and in the GARField 
profile. By comparison, during U V curing the low molecular weight chain ends 
remain relatively free to move outside o f the confines o f the crosslinked network and 
therefore the long component which relates to these more mobile species changes by 
a much smaller margin.
5.4.2 GARField profiles of adhesive components
In order to determine how the acrylic adhesive cures as a function o f U V  dose it  was 
necessary to irradiate samples w ith different doses and to record a profile  after each 
inadiation. Each form ulation detailed in  Section 5.1 was measured to identify the 
contribution from  each component. 15x15 mm samples w ith  a nominal thickness o f 
400 pm were created as per the method outlined in  Section 5.4.1. The samples were 
then irradiated w ith  increasing amounts o f U V  up to a maximum dose o f 500 mJcnT^ 
UVC. A  profile  corresponding to each dose was acquired and processed in  the same 
manor as described in section 5.4.1.
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5.4.2.1 Base acrylic resin
Figure 5.5 shows the profiles fo r a sample o f the pure base acrylic resin. The 
reactive groups in the base resin, namely benzophenone are only in itiated by light 
w ith wavelengths in the UVC spectrum. As such quoted doses aie fo r UVC dose 
only. Each profile  was recorded by acquiring 2048 averages at intervals o f 0.35 s 
producing a total acquisition time o f approximately 12 minutes.
c3
4CO
C/)c0
COcD)
œ
—■ —0 mJcm —o —20 mJcm
— • — 40 mJcm 
—o — 60 mJcm 
—* — 80 mJcm 
—* — 100 mJcm— ♦ — 200 mJcm 
—o— 300 mJcm" 
—X— 500 mJcm
-x-x-x-x.
200 300 400 500
Position (jam)
600 700
Figure 5.5: GARField profiles of a sample of pure base acrylic resin, circa 400 pm in thickness, 
exposed to increasing amounts of UV light. Quoted doses are estimated total UVC doses. UV  
irradiation occurs from the right hand side of the profile. The spatial resolution is 16 pm.
The firs t profile  shows the sample prior to U V  iiTadiation. Three measurements were 
taken o f the uncured sample to ensure good reproducibility from  the equipment. 
These profile  intensities were then averaged to create a single profile  to use as an 
experimental control. The sample was then exposed to UVC ligh t in  10 niJcin^ 
increments up to 100 mJcm’ ,^ followed by 20 mJciiT^ increments up to 200 mJcm'^  
and fina lly  increasing to 100 mJcm'^  increments up to a fina l total dose o f 
500 mJcm'^ . A fter each exposure the sample was allowed time to cool to counteract 
any sample heating caused by the inadiation. A  single profile was then recorded 
w ith the same parameters as the uncured controls. To aid clarity, not a ll o f the 
profiles are shown in  Figure 5.5.
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A  greater U V dose was hypothesised to create more crosslinks, consequently as the 
U V dose increases the signal intensity in  the profiles is expected to decrease. It can 
be seen in Figure 5.3 that the decrease in  signal intensity does not fo llow  a linear 
relationship suggesting that the form ation o f crosslinks is more efficient at the start 
o f the reaction. This can be explained by considering that as the crosslink density 
increases the number o f available reactive sites is reduced. The radical species 
therefore have to propagate a greater distance to form  crosslinks between polymer 
chains. As a denser polymer network is formed the radical species have greater 
d ifficu lty  diffusing through the polymer so that the probability o f form ing new 
crosslinks reduces. A  greater number o f U V  photons are therefore needed to in itiate 
more radical species and further increase the crosslink density.
A  non-uniform depth o f cure is observed in  some o f the profiles in  Figure 5.5. In  
particular the small reduction in  signal intensity in  the top 100-150 pm o f the 
adhesive layer after 20 and 40 mJcm'^  indicates that curing firs t occurs in  this surface 
region. A  noticeable gradient may then be seen in  the profile corresponding to a total 
dose o f 100 mJcm'^ , showing the layer to be almost completely cured at the surface 
w hilst remaining relatively unchanged in  the lower 100 pm. As w ith  the discussion 
above this is due to the attenuation o f UVC photons w ith in the adhesive. Importantly 
after a total dose o f 500 mJcm'^  the depth o f cure appears constant across the layer, 
indicating that the film  is fu lly  cured. The intensity o f this fu lly  cured 400 pm layer 
shows good agreement to the simulated profile  fo r a fu lly  cured sample o f pure base 
resin presented in  Figure 5.4.
W ith the base resin the polymer chains crosslink through radical-radical coupling. It 
is therefore possible for benzophenone-benzophenone coupling, benzophenone- 
polymer (through the H-donor molecule) coupling and polymer-polymer coupling to 
occur. However, the latter is least like ly  due to steric hindrance. As the crosslinks 
form  some o f the functional groups may become trapped, such as through the 
form ation o f ring structures, so that they cannot form  crosslinks. From an NM R 
point o f view, these trapped reactive sites may have a ^H m obility sim ilar to dangling 
chain ends or other groups in  the uncured polymer, resulting in  a considerable profile 
intensity even after U V curing. Furthermore the profile  intensity o f the cured sample 
after 500 mJcm'^  UVC, is an indication that the crosslink density remains low and
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the polymer chains continue to be mobile. This result is expected as the fu lly  cured 
base resin is known to have a low  crosslink density after discussions w ith  NSC.
S.4.2.2 Unsaturated multifunctional acrylate
The crosslink density may be directly related to the mechanical strength o f the 
adhesive. For structural adhesives and protective coatings a high crosslink density is 
required, whereas fo r PSAs a lower crosslink density is necessary so that the 
adhesive s till flows and therefore can be applied after curing. A  compromise 
between ultimate mechanical strength and the ab ility  to flow  must therefore be made 
when tailoring an adhesive fo r a specific use. The crosslink density o f the base 
acrylic resin is insufficient fo r NSC’s applications, so unsaturated m ultifunctional 
acrylates are added w ith the intention o f increasing the crosslink density and hence 
mechanical strength o f the adhesive.
Figure 5.6 shows the profile  fo r a sample o f base resin w ith 5 wt% unsaturated 
m ultifunctional acrylates. The sample was constructed in the same way as the pure 
base resin sample. However, differences in  coating weight o f the original sample 
sheets from  NSC resulted in  a total adhesive thickness o f circa 300 pm. The 
measurement parameters remained identical to those o f the base resin sample.
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Figure 5.6: GARField profiles of a sample of base acrylic resin with S%  unsaturated 
multifunctional acrylate, circa 300 pm in thickness, exposed to increasing amounts of U V light. 
Quoted doses are estimated total UVC doses. The spatial resolution is 16 pm.
Sim ilar to the sample o f tlie  base acrylic resin, three consecutive measurements o f 
the sample prior to U V irradiation were taken and averaged to produce the uncured 
control shown by the firs t profile. The curing regime remained sim ilar to that o f the 
base resin sample, w ith the notable differences being two in itia l exposures o f 5
mJcm’  ^UVC and increased U V doses at increments above 80 mJcm'"^ UVC.-2
The observed signal intensity o f the uncured profile  is higher than that o f the base 
resin. This is expected since the m ultifunctional acrylates which are bound onto the 
back bone are low  molecular* weight molecules that are more mobile than the 
polymer chains o f the base resin. The m ultifunctional acrylates are themselves not 
reactive w ith  U V  light: their ab ility  to create additional crosslinks between polymer 
chains is purely down to the creation o f new radical species through chemical 
reactions w ith radicals created in  the inadiation o f the base resin. The U V may 
therefore cause the same radical-radical coupling reactions as mentioned previously. 
However a radical from  either the benzophenone or the H-donor molecule can form  a 
bond w itli the m ultifunctional acrylate. The process o f making this bond creates an 
additional radical species which may then propagate further, form ing crosslinks and 
polymerising the acrylic resin.
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The more double bond sites available fo r reaction, the greater the number o f 
crosslink sites which may be created. As such, the m ultifunctional acrylates greatly 
increase the crosslink density in  the adhesive and therefore the degree o f cure. This 
is evident by the reduction in  the signal intensity in  the profiles in  Figure 5.6. A fter a 
total UVC dose o f 250 mJcm'^ , the mean profile  intensity, calculated between 175 
and 360 pm, decreases from  1.01+0.01 to 0.60 + 0.01. This corresponds to 
59 ± 2 % o f the in itia l signal intensity fo r the sample w ith  the m ultifunctional 
acrylates compared to a reduction to only 89 + 2 % (0.75 + 0.01 to 0.67 + 0.01) for 
the base resin sample after 300 mJcm'^  UVC.
However, the notable difference in  the profiles o f the base resin w ith the 
m ultifunctional acrylates is concerned w ith  the depth o f cure. It is clearly evident 
that w hilst a relatively low  UVC dose results in  a high crosslink density in  the upper 
region o f the adhesive, the bottom 100 to 150 pm remains largely uncrosslinked. 
One possible explanation fo r this is that, w hilst the m ultifunctional acrylates are not 
seen to react w ith UV, the UVC absorbance fo r the molecule may be higher than that 
o f the base resin. Consequently, formulations w ith the m ultifunctional acrylates 
would see the UVC ligh t attenuated to a greater degree such that the photon flux  in 
the deeper regions o f the adhesive is much lower and therefore only a small number 
o f radical species are initiated. A  few studies have focussed on sim ilar 
m ultifunctional monomers accelerating cross-linking but a ll are concerned w ith flash 
curing applications and thus intermediate cure stages in a thick layer are not 
measured [Kondo et a l ,  1997; Kubota and Koyama, 1998; Kubota et a l ,  2006; 
Wang et a l ,  2007].
It can be seen in  Figure 5.6 that the in itia l two exposures o f 5 mJcm"^ UVC were 
insufficient to cause a decrease in  profile  intensity. This is like ly  to be due to the 
small number o f initiated radical species being scavenged by oxygen dissolved 
w ith in  the polymer before they are able to create crosslinks. I f  after irradiation 
atmospheric O2 diffuses into the polymer, the next exposure must create enough 
radical species to be able to react w ith  the 0% and to in itiate the functional groups. 
The profiles therefore suggest that a threshold flu x  o f UVC photons is needed to 
produce a considerable degree o f crosslinking in  the adhesive.
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Finally on each o f the profiles recorded after UVC irradiation a clear peak is 
noticeable at the upper surface. This peak may represent a small surface layer that is 
unable to fu lly  cure due to the continued diffusion o f atmospheric O2 into the sample. 
However, this may also be attributed to the way in which a Fourier transform 
represents a truncated data set. In  Fourier analysis a fin ite  number o f terms o f a series 
are used to represent a function. A t a point o f discontinuity such as at the edge o f a 
profile  there is consequently a lim ited degree o f accuracy producing a non perfect 
function; known as G ibb’s phenomenon [Baher, 2001]. Im proving the resolution o f 
the technique may provide a greater understanding o f this surface feature, but this 
can not be conducted as part o f this technique.
5.4.2.3 Additional photoinitiator
An uneven depth o f cure is highly undesirable fo r industrial applications due to the 
mechanical strength varying tliroughout the adhesive layer. For this reason NSC add 
an additional photoinitiator to the form ulation to provide a thorough depth o f cure. 
As w ith  previous measurements three profiles were taken and averaged prior to 
exposure. The sample was then exposed to U V  ligh t in  various increments from  5 to 
100 mJcm'^  up to 200 mJcm’  ^ UVC. A  profile  was recorded after each exposure, 
the results o f which are shown in  Figure 5.7.
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Figure 5.7; GARField profiles of a sample of base acrylic resin with 5% unsaturated 
multifunctional acrylates and 1% additional photoinitiator, circa 400 pm in thickness, exposed 
to increasing amounts of UV light. Quoted doses are estimated total UVC doses. The spatial 
resolution is 16 pm. A greater depth of cure can he seen due to the presence of the yellow 
photoinitiator which may he initiated hy a wider range of photon wavelengths.
The additional photoinitiating species added to the form ulation react w ith  photons 
from  a wider range o f wavelengths including UVA, UVB, UVC and the visible 
spectrum. As such, the effective flu x  o f photons, i.e. those that in itiate radical 
species, is much higher than in  samples o f pure base resin and die base resin w ith the 
m ultifunctional acrylate. A  much shorter exposure therefore, creates a much greater 
crosslink density and the profile intensities are seen to decrease much faster.
Figure 5.7 shows the adhesive to be fu lly  cured after 30 mJcm'^  UVC compaied to 
circa 500 and 250 mJcm'^  UVC fo r the samples o f pure base resin and base resin 
w ith additional unsaturated m ultifunctional acrylate, respectively. However, since 
this sample is affected by other wavelengths tlie  contribution from  U V A  and UVB 
would be far* greater than that from  UVC alone. This is best seen through 
comparison between the second profiles in each o f the figures above. W hilst a short 
exposure does not alter the profile  intensities in Figure 5.5 and Figure 5.6, a dramatic 
reduction is seen in  Figure 5.7.
A  gradient through the profiles recorded after short exposures can also be seen in the 
Figure 5.7. In  comparison to the gradient seen in  the sample w ith  just the
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m ultifunctional acrylates, the degree o f crosslinking appears to decrease linearly 
throughout the whole depth. This is due to the different wavelengths o f UV light 
penetrating to different depths w ith in  the adhesive layer. W ith a low  photon flux 
considerable attenuation occurs. This should easily be overcome by high intensity 
irradiation and is therefore not expected to pose a problem in industiial applications.
5.4.2.4 Tackifying the base resin
Although the m ultifunctional acrylates increase the crosslink density w ith in  the cured 
adhesive it  also reduces the amount o f tack. Since this is highly undesirable 
additional tackifiers are supplemented into the formulation. National Starch and 
Chemical provided samples o f the base acrylic resin w ith 20 wt% tackifier. These 
were measured on GARField in  the same way as previous samples and are shown in 
Figure 5.8.
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Figure 5.8: GARField profiles of a sample of base acrylic resin with 20% tackifier, circa 
400 pm in thickness, exposed to increasing amounts of UV light. The pulse sequence used to 
record this profile was different from those of the other formulations (see text) and consequently 
the signal intensity cannot be directly compared. Quoted doses are estimated total UVC doses. 
The spatial resolution is 16 pm.
These profiles were recorded by acquiring 4096 averages at intervals o f 0.35 s so that
the total acquisition time was approximately 24 minutes. Each average consists o f 8
echoes, which are 300 ps apart due to the pulse sequence only recording alternate
echoes. These echoes are co-added to increase the signal to noise ratio. As w ith
previous measurements the firs t profile  is an average o f three uncured measurements.
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Additional profiles were recorded after 10, 25, 50, 100, 200 and 500 mJcm'^  UVC 
doses. It can be seen that the upper edge o f the sample is not as clearly defined as 
previous profiles. This is due to the top surface o f the adhesive layer not being 
parallel to the bottom edge. Consequently, they are not perfectly aligned w ith the 
magnetic field.
The use o f different acquisition parameters and pulse sequencing program in  this 
measurement results in a signal intensity scale which is not directly comparable to 
those in the previous figures. However, each o f the different form ulation samples 
have been measured a number o f times using this pulse sequence and the signal 
intensity o f the tackified base resin is reproducibly 50% that o f the base resin alone. 
In  addition, the uncured base resin profiles presented in  Figure 5.5 were reprocessed 
by summation o f only the alternate echoes from  the firs t 16 echoes. This provided an 
alternative method o f comparing the signal intensities. This again showed a 
difference in  average profile intensities o f circa 50% between the tackified base resin 
and the sample o f pure base resin.
The tackifying resins increase the glass transition temperature o f the polymer and 
therefore decrease its molecular m obility at room temperature. This is seen by an 
overall reduction in signal intensity compared to the sample o f pure base resin 
[M allegol et a l ,  2006]. In addition, a sample o f pure tackifier, which is a solid at 
room temperature, was measured on the Maran bench top spectrometer. However, 
this did not produce an NM R signal, most like ly  due to the 7% being very short. 
Since the tackifier does not combine w ith  the polymer, the low molecular weight 
tackifying resins which correspond to 20wt% o f this sample would also not be 
observable on GARField. The effective number o f magnetically active species is 
therefore lower and a d ilution in  the signal intensity compared to 100% base resin is 
seen.
A  further point to note is that the inadiation o f the sample produced no substantial 
changes in  the signal intensity. However, this does not indicate that the adhesive is 
not curing. It is believed that the inclusion o f the tackifying resins may slightly swell 
the polymer thus increasing the distance between photoinitiating species and possible 
crosslinking sites on the polymer chain. Furthermore, Czech and M ilke r (2003) have
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shown that despite being transpaient to U V the tackifying resins can s till react w ith 
the photoinitiating species. This interaction may block the benzophenone and/or 
polymer radicals thereby decreasing the amount o f U V crosslinking. A  slight 
decrease in  crosslinking, in  a sample w ith what is already a relatively low NM R 
signal is expected to be beyond the sensitivity lim its for the method and would result 
in  an unobservable change in  signal intensity such as the profiles presented in Figure 
5.8.
Comparing this result to the sample o f the same form ulation measured on the bench 
top spectrometer, it  can be seen that there are distinguishable differences in the 
relaxation times between a cured and uncured sample - Table 5.2 and Table 5.4. 
This indicates that whilst the tackifying resins may be inhib iting crosslinking they 
are not preventing it  entirely. To make further assurances, two samples o f the 
polymer were checked fo r crosslinking by swelling in  acetone. This process 
involved adhering two 4 cm^x200 pm samples to separate glass Petri dishes, 
whereby one was exposed to 200 mJcm'^  UVC whilst the other remained uncured. 
20 m l o f acetone was added to each Petri dish and the samples were then sealed and 
le ft fo r 20 minutes. A fter this period the uncured sample was seen to be entirely 
dissolved, form ing a solution w ith the acetone. The sample iiTadiated w ith 
200 mJcm'^  UVC however, formed a swollen inter-crosslinked network. Although 
no estimate o f the crosslink density can be made from  this experiment, it  can be 
stated w ith  certainty that the tackified base resin does undergo a certain degree o f 
crosslinking as a result o f inadiation w ith UV.
5.4.2.S Full formulation UV4200
Finally, a sample o f the fu ll form ulation UV4200 which contains the base acrylic 
resin, 5 % unsaturated m ultifunctional acrylate, additional photoinitiator and 20 % 
tackifier was measured on GARField. The profiles were recorded using the same 
regime o f averaging three uncured measurements followed by irradiation o f 10, 25, 
50, 100, 200 and 500 niJcm'^ UVC and are presented in Figure 5.9.
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Figure 5.9; GARField profiles of a sample of full formulation UV4200, circa 300 pm in 
thickness, exposed to increasing amounts of UV light. The pulse sequence used to record this 
profile was different from those of the other formulations, with the exception of base resin with 
20% tackifier and consequently the signal intensity cannot be directly compared with other 
figure. Quoted doses are estimated total UVC doses. The spatial resolution is 16 pm.
As w ith  the sample o f tackified base resin the fu ll form ulation sample was recorded 
by acquiring 4096 averages at intervals o f 0.35 s, each consisting o f 8 echoes, 300 ps 
apart. W hile these profile intensities can be compared to those in  Figure 5.8, care 
should be taken w ith direct comparisons to those in Figure 5.5 to Figure 5.7. This 
form ulation has been measured many times and it  can be seen that the profile 
intensity o f the uncured fu ll form ulation UV4200 is much lower than tlia t o f the base 
resin. This is expected to be due to the presence o f the tackifier at 20%, thus diluting 
the effective observable magnetically active species.
The remainder o f the features visible in  the profiles are characteristic o f the different 
components which combine to produce the fu ll form ulation UV4200 and that have 
been discussed w ith reference to each o f the components. F irstly, a small gradient is 
seen across the top o f the profile after a low  dose or circa 10 mJcm'^  UVC showing 
that attenuation o f photons is occuning. The attenuation is gradual throughout the 
fu ll thickness o f the layer indicating that the different wavelengths o f photons are 
absorbed at different depths in  the adhesive as seen in  the previous sample containing 
the 1% additional photoinitiator. Figure 5.7.
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The fu ll form ulation also appears to require a larger dose of U V  to become fu lly  
crosslinked compared to samples w ith  just the m ultifunctional acrylates and the 
m ultifunctional acrylates and additional photoinitiator. It is thought that this is 
largely due to the fact that the base acrylic resin is diluted through the presence o f the 
other components so that there are less polymer chains present to crosslink. The 
crosslink density can therefore never be as high as in samples where the base resin is 
more concentiated. This is best highlighted when looking at the mean profile 
intensities o f each o f the formulations after 200 mJcm'^  UVC. For the fu ll 
form ulation the mean profile  intensity, calculated between 155 to 390 pm, decreases 
from  0.36 ± 0.01 to 0.29 ± 0.01. This corresponds to a reduction o f circa 81 ± 2% 
compared to 61 ± 2% and 67 ± 1% fo r the samples w ith just the m ultifunctional 
acrylates and the m ultifunctional acrylates w ith additional photoinitiator, 
respectively. A  like ly  explanation fo r the reduction in  the amount o f observed 
contrast between uncured and fu lly  cured samples is due to the presence o f the 
tackifying resins in  the fu ll formulation. As shown in the preceding sections, the 
presence o f the tackifier produced only a small change in  the T2 relaxation time and 
no observable change in GARField profiles upon curing.
Figure 5.9 also shows that there remains a noticeable difference in  the amount o f 
crosslinking between 200 and 500 mJcm'^  in  comparison to previous formulations. 
This may be further evidence fo r the tackifying resins restricting diffusion o f the 
radical species through the polymer, hence a larger U V  dose is required to fu lly  
crosslink the adhesive.
5.4.3 Modelled profiles of different formulations
Section 5.4.1.1 reported the use o f a simple method to simulate profiles from  
relaxation data which may be used to directly compare this data w ith  the observed 
GARField profiles. As w ith the samples o f pure base acrylic resin, this process was 
repeated fo r each o f the formulations using the same parameters as those used to 
record GARField profiles. Figure 5.10 shows the measured and projected profiles 
for samples o f base resin w ith 5 wt% m ultifunctional acrylate. As w ith Figure 5.4, 
the uncured samples are shown using squares, w hilst the samples irradiated w ith 200 
mJcm'^  UVC are shown using circles.
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Figure 5.10: Profiles of base acrylic resin with 5 %  multifunctional acrylates measured uncured 
(squares) and after 200 mJcm  ^UVC (circles) on GARField (solid symbols) along with modelled 
profiles for uncured sample and after 200 mjcm'^ UVC (open symbols).
Figure 5.10 shows good agreement between the GARField and the modelled profiles 
w ith  the mean signal intensity between 170 and 360 pm reduced to 0.60 
(59.2 ±2.3% ) and 0.62 ± 0.02 (61.1 ±2.1% ) fo llow ing irradiation by 200 mJcm'^  
UVC for the modelled and GARField profiles respectively. Evidence o f incomplete 
cure can be seen in  the lower regions, circa 150 -  250 pm o f the GARField profile 
(open circles) w ith the fu ll set o f profiles, Figure 5.6 confirm ing that the signal 
intensity reduces further after 250 mJcm'^ .
The corresponding modelled profile is expected to be slightly lower since the sample 
was less than 200 pm in  thickness when iiTadiated compared to almost 300 pm for 
the one measured on GARField, therefore resulting in a complete cure after an 
exposure o f 200 mJcm"^. The spurious peak at 350 pm in the irradiated profile 
makes comparisons between the signal intensities at the upper region o f the samples 
d ifficu lt. However, from  inspection o f Figure 5.10 it  is reasonable to assume that 
should this peak not be present, the top 100 pm o f both profiles would have very 
sim ilar signal intensities. This is seen as further validation o f the method for 
comparing the relaxation data obtained on the bench top spectrometer and the 
profiles recorded on GARField.
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This process was repeated fo r samples o f base acrylic resin w ith  5 wt% 
m ultifunctional acrylates and 1 wt% additional photoinitiator. The measured and 
simulated profiles are shown in  Figure 5.11.
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Figure 5.11: Profiles of base acrylic resin with 5% multifunctional acrylates and 1% additional 
pliotoinitiator measured uncured (squares) and after 200 mjcm^ UVC (circles) on GARField 
(solid symbols) along with modelled profiles for uncured sample and after 200 mjcm'^ UVC  
(open symbols).
Figure 5.11 shows that the mean signal intensity between 160 and 380 pm reduced to 
0.69 (68.8 ±4.6% ) and 0.67 ±0.01 (66.3 ±2.3% ) follow ing irradiation by 
200 mJcm^ UVC for the modelled and GARField profiles respectively. It can be 
seen that the simulated profile does not compare quite so well to the GARField 
measurement fo r this form ulation, even though both samples were fu lly  cured after 
200 mJcm'^ . Possible reasons fo r this are due to the fact that the simulated profiles 
were created using data from  Table 5.3 and Table 5.5 when the bench top 
spectrometer appeared to be not so w ell optimised as previous measurements. 
Furthermore, this data was recorded at a later date from  the others used to simulate 
the profiles fo r each o f the other formulations. It is therefore possible that the 
background temperature could have been different, altering the observed signal 
intensity. These effects produce data o f a lower quality resulting in  a larger 
uncertainty in the predicted signal intensity fo llow ing UVC iiTadiation.
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The data fo r the samples o f base resin w ith  additional 20 wt% tackifying resins were 
re-processed in  the same way as outlined in  Section 5.4.1.1 to create modelled 
profiles which are shown in  Figure 5.12.
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Figure 5.12: Profiles of base acrylic resin with 20 wt% tackifying resins measured uncured 
(squares) and after 200 nijcm'^ UVC (circles) on GARField (solid symbols) along with modelled 
profiles for uncured sample and after 200 mjcm'^ UVC (open symbols).
Since the GARField measurements o f this form ulation were taken w ith different 
parameters to those described already in  this section, the method fo r creating the 
modelled profiles was m odified to accommodate this change. As discussed in 
Section 5.4.2.4, GARField may not be sensitive enough to detect small changes in 
the crosslink density w ith in  a sample o f base resin w ith 20 wt% tackifying resins. 
However, the T\ and T2 relaxation times measured on the bench top spectrometer, 
along w ith the polymer swelling test indicate that some degree o f crosslinking occurs 
after U V irradiation w ith 200mJcm'^  UVC. Consequently, the mean signal intensity 
calculated between 150 and 390 pm can be seen to reduce from  0.38 to 0.33 
(86.9 ± 2.8%) based on the relaxation analysis (Figure 5.12). It is important to note 
that the predicted signal reduction after U V  fo r this sample is almost identical to that 
o f the sample o f pure base acrylic resin shown in  Figure 5.4 indicating that the signal 
measured is only due to the base resin and not the tackifier, further supporting the 
statement that the measurement made using the bench top spectrometer is not 
sensitive to the tackifying resin.
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Finally, the fu ll form ulation UV4200 data was used to make a sim ilar comparison, 
shown in  Figure 5.13.
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Figure 5.13: Profiles of full formulation UV4200 measured uncured (squares) and after 
200 mjcm^ UVC (circles) on GARField (solid symbols) along with modelled profiles for 
uncured sample and after 200 mjcm’  ^UVC (open symbols).
Again good agreement is seen between the two sets o f profiles. The signal intensity 
calculated from  the relaxation measurements shows a reduction from  0.36 to 0.29 
(79.8 ± 2.9%), w hilst tlie mean signal intensity between 150 and 390 pm o f the 
GARField profile shows a reduction from  0.36 ± 0.01 to 0.29 ± 0.01 (81.0 ± 2.5%) 
fo llow ing 200 mJcm'^  UVC. As discussed in  Section 5.4.2.5, the GARField profiles 
were recorded using a pulse program which recorded only alternate echoes. Some o f 
the in fo iination is therefore lost and the signal to noise ratio is consequently worse in 
these profiles compared to others. The lower signal to noise ratio results in a noisier 
profile and is shown by the feature in  the cured GARField profile  in  Figure 5.13.
Figure 5.9 shows that the sample measured on GARField was not fu lly  cured after 
200 mJcm'^ , which is expected due to the recommendation o f 1 mJcm'^  UVC per 
m icron thickness o f adhesive. The fact that the simulated profile, which should have 
been fu lly  cured, matches the GARField profile  so w ell is possibly due to small 
changes in  temperature or to changes w ith in  the adhesive sheet that may affect the 
NM R signal amplitude. Although these affects are d ifficu lt to quantify their 
presence adds a small uncertainty to the intensities in each o f the simulated and
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measured profiles. However, these uncertainties are contained w ith in  the estimated 
errors quoted on the signal intensities. As such, w ith the exception o f the samples o f 
base resin w ith  20 wt% tackifying resins, the simulated profiles a ll compliment the 
GARField profiles to a high degree.
5.5 Conclusions
The longitudinal relaxation times T\, between the uncured and cured samples were 
seen to be similar" fo r a ll o f the formulations, w ith the exception o f the samples o f 
base resin w ith  5 wt% m ultifunctional acrylates and base resin w ith 5 wt% 
m ultifunctional acrylates and 1 wt% o f additional photoinitiators. This indicates that 
the fast, high frequency motion and small group rotation / dynamics (i.e., CH2) do 
not change significantly fo llow ing U V irradiation.
The transverse relaxation time T2 , is related to the molecular m obility w ith in the 
polymer and is more indicative o f slow chain motions and crosslink density than T\. 
The relaxation data was fitted w ith a two component exponential function to yield a 
short component (circa 100 ps) and a long component (circa 400 ps), which were 
attributed to the crosslinked network species and to the other low  molecular weight 
species, respectively. Additional components may have been present in  the CPMG 
decays; however the signal to noise ratio, the low number o f data points and 
instrument dead time meant that it  was not possible to improve the accuracy o f the 
fits. Furthermore, the presence o f an even faster relaxing component is not supported 
by published literature. The T2 times fo r each form ulation were seen to decrease 
fo llow ing U V iiTadiation. This reduction was more pronounced in  the samples o f 
base resin w ith  5 wt% m ultifunctional acrylates and base resin w ith  5 wt% 
m ultifunctional acrylates and 1 wt% o f additional photoinitiators indicating a higher 
degree o f cure in these formulations.
A  sample o f pure base acrylic resin measured using GARField showed a low degree 
o f cure and hence low  crosslink density after 500mJcm'^  UVC. The signal intensity 
was not seen to decrease fo llow ing further U V  irradiation signifying that the 
adhesive layer was fu lly  cured after this dose. The profile  intensities were compared 
to the relaxation data using a projection model and showed good agreement.
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The uncured profiles o f a sample o f base resin w ith 5 wt% m ultifunctional acrylates 
had a larger signal intensity compared to the sample o f pure base resin. This was 
attributed to the addition o f the more mobile low  molecular weight molecules. A  
greater degree o f cure was also seen in  the cured profiles o f this formulation, w ith the 
signal intensity reducing by approximately 40% compared to just 13% fo r the sample 
o f pure base resin. In  addition, smaller UVC doses were seen to produce more 
crosslinking when m ultifunctional acrylates are present in  the sample, w ith  fu ll cure 
occurring after only 250 mJcm"^. However, an extremely non-uniform depth o f cure 
across the layer was seen fo r intermediate UVC exposures, indicating high U V 
attenuation.
The addition o f 1 wt% o f a second photoinitiating species into the form ulation was 
seen to produce a more uniform  depth o f cure. This was ascribed to the fact that the 
second photoinitiator may be activated by photons from  the whole U V  spectrum, 
thereby increasing the effective photon flux. The increase in  the number o f in itia ting 
species in  the polymer combined w ith  the increase in  effective photons resulted in 
the sample being fu lly  cured after only 30mJcin^ UVC. The 1 wt% o f photoinitiator 
was therefore concluded to accelerate the crosslinking reaction.
The GARField profile  intensity comes from  the summation o f the signal intensity for 
a ll echoes in a CPMG style echo ti'ain. Subsequently, the profile intensity is 
dominated by transverse relaxation effects. Two sim ilar samples, one cured and one 
uncured would have sim ilar ^H density. However, the higher crosslink density in  the 
cured sample would result in  faster transverse relaxation and therefore the 
summation o f the echo signal intensities and hence the GARField profile  intensity 
would be less than that fo r the uncured sample.
The profile  intensities fo r the uncured sample o f base resin w ith  20 wt% tackifying 
resins were seen to be circa 50% that o f the base resin alone. This was explained by 
the fact that the tackifier increases the glass tiansition temperature o f the polymer 
and thus decreases the molecular* m obility at room temperature. No change in signal 
intensity was seen fo llow ing U V  irradiation. This was attributed to the fact that (i) 
the tackifying resins swell the polymer, increasing the distance between initiated 
benzophenone groups and available H-donor sites, and (ii) the tackifier possibly
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reacting w ith the photoinitiated species. Both o f which would cause a reduction in 
the degree o f cure. The low  signal intensity seen in  the uncured samples mean that 
the GARField technique was not sensitive enough to detect small changes in the 
crosslink density. Proof o f crosslinking was confirmed through swelling uncured 
and cured samples in  acetone.
The GARField profiles o f the fu ll form ulation UV4200 were seen to contain certain 
aspects o f each o f the formulations. The presence o f the tackifier was seen to reduce 
the signal intensity o f die uncured profile  in  contrast to a sample o f pure base resin. 
However, the m ultifunctional acrylates and additional photoinitiator resulted in a 
greater degree o f cure per unit dose compaied to the pure base resin. Furthermore, 
the 1 wt% o f the second photoinitiator allows in itia tion from  the fu ll U V  spectrum so 
that a uniform  depth o f cure is seen across the adhesive layer.
Each o f the formulations measured on GARField, w ith the exception o f the sample 
o f base resin w ith 20 wt% tackifying resins, showed a non lineai* decrease in  signal 
intensity w ith increasing U V  irradiation, suggesting that the formation o f crosslinks 
was more efficient at the start o f the reaction. This was explained by the number o f 
reactive sites decreasing as the crosslink density increases. Consequently, it  becomes 
more d ifficu lt fo r an initiated benzophenone group to graft onto a nearby polymer 
chain to form  a crosslink.
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Chapter 6
Variations to the curing regime 
and multifunctional acrylate 
content
6.1 Curing Regime
The method used to iiradiate samples w ith U V throughout this project is very 
different to that found in industrial applications, whereby the adhesive once applied, 
passes very rapidly under a small number o f high output lamps where it  is cured. In 
order to compare the results seen in  the preceding chapter w ith  those expected in 
industrial conditions it  was necessar y to investigate what effect the curing regime has 
on the degree o f crosslinking.
In their work investigating a sim ilar acrylic adhesive, Scherzer et a l, (2002) used 
Fourier Transform Infrared spectroscopy to measure the conversion o f the carbonyl 
group o f the benzophenone molecule under U V  irradiation. They found that 
irradiation w ith equal doses o f UVC resulted in  an equal conversion from  double to 
single bond, thus concluding that the conversion only depended on total dose and 
was independent from  the dose rate. Furthermore, National Starch and Chemical
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(NSC) found no difference in  the mechanical properties o f adhesives iiTadiated w ith 
different dose regimes [Palasz, 2007].
The aim o f the research portrayed in this chapter is to ascertain whether or not a 
difference can be seen between samples which have been given a single dose and 
samples which have been given an equal total dose that is administered in  a number 
o f smaller steps.
6.1.1 Single vs. cumulative cure: Total dose
In everyday applications the aim is to fu lly  cure the adhesive as quickly as possible, 
whereas in order to study the material, a measurement must be taken at regular dose 
steps un til the adhesive is fu lly  cured. To that end, nine separate samples o f fu ll 
form ulation UV4200 and nine samples o f the base resin w ith 5 wt% unsaturated 
m ultifunctional acrylates were created using the same method as described in Section
5.4.1. Each o f the samples were irradiated w ith different curing regimes and 
assigned a letter from  A  through to I  fo r identification.
Samples A  and H fo r each form ulation were measured firs t uncured and then after 
successive U V doses so that the total cumulative dose was 10, 20, 50, 100, 200 and 
500 mJcm'^  UVC. These doses were chosen so that the experiment complemented 
those in  Chapter 4. Samples B and I were measured uncured and then after a single 
one o ff dose o f 500 mJcm’ .^ An average fo r the signal intensity fo r each o f the 
points across the fu ll depth o f the profile  was then calculated to yie ld a single value 
fo r the signal intensity at each dose. This value may then be used to compare similai* 
samples at equal doses, regardless o f the curing regime.
The remaining samples were then irradiated w ith  200 mJcm'^  UVC in  different size 
dose steps. Each sample was measured firs t uncured and then again only after it  had 
received 200 mJcm'^  total UVC dose. The total time between the uncured and cured 
measurements for each sample was kept at a constant 150 minutes. The irradiation 
regimes fo r each o f the samples are shown diagrammatically in  Figure 6.1.
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Sample UVC Dose (mjcm“)
10 10 30 50 100 300
A /H u
tim e
500
B / I
tim e
20 20 20 20 20 20 20 20 20 20 I I I I I I I I I I
tim e
50 50 50 50
D ■ ■ ■ ■
tim e
100 100
E
tim e
200
F /G
tim e
Figure 6.1: Irradiation regime for each of the samples A to H. The sample identifîcation is 
labelled on the left hand side. Each block shaded in blue depicts the length of each irradiation 
with the UVC dose (mJcm ') written above. Each block shaded in grey corresponds to a period 
of measurement where a profile was recorded. The absence of any shaded area between 
irradiations corresponds to a period of rest. The periods of time are approximately to scale.
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As can be seen in Figure 6.1, sample C was given ten individual doses o f 20 mJcm'^ , 
sample D was given four doses o f 50 mJcm'^ , sample E was given 2 doses o f 
100 mJcm"^ and samples F and G were both given a single dose o f 200 mJcm'^ . 
Again the average signal intensity across the fu ll w idth o f the profile  was calculated. 
The results fo r each o f these samples ai*e presented in Table 6.1 and Table 6.2 for the 
fu ll form ulation and for the base resin w ith  unsaturated m ultifunctional acrylates, 
respectively. Due to large temperature fluctuations w ith in  the laboratory during 
some o f the measurements samples C, H and I  were seen to have large vaiiations in 
signal intensity and are therefore not included in Table 6.2. The presence o f a solid 
dot next to each dose indicates that the sample was iiTadiated w ith that dose but was 
not measured. The mean signal intensity fo r each measurement is presented along 
w ith a corresponding standai'd deviation which provides a measure o f the uncertainty 
in this value and is also indicative o f how uniform  the profile was. A  smaller 
standard deviation therefore relates to a more uniform  profile.
In  the bottom two rows o f Table 6.1 and Table 6.2 are measures o f the contrast 
between the uncured samples and those irradiated w ith  200 and/or 500 mJcm'^  UVC. 
This contiast was calculated using the expression below w ith the uncertainties being 
calculated from  the standard deviation o f the mean signal intensities.
_ uncured intensity - cured intensity ,Contrast = ----------------------     x  100% (6.1)uncured intensity
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The samples o f fu ll form ulation UV4200 show good consistency, both in  the signal 
intensities o f the uncured samples and those after U V  irradiation, indicating that the 
results are highly reproducible. Figure 6.2 shows the GARField profiles o f samples 
C to G fo r the fu ll form ulation UV4200 each irradiated w ith 200 mJcm'^  UVC in 
various size dose steps as discussed above. Each profile was recorded using the 
standard GARField parameters discussed in  Section 5.4.1 and has been normalised 
firs t to a piece o f uniform  rubber, and secondly, to the conesponding uncured profile.
gc=3
€
ètnc0
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o — D - 200 mJcm
— E - 200 mJcm 
o — F - 200 mJcm
<  —  G -  200 mJcm
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Position (|im)
Figure 6.2: Selected samples or full formulation acrylic adhesive each exposed to 200 mjcm'^ 
UVC in different size dose steps. See Table 6.1 for details of dose regime.
Inspection o f Figure 6.2 shows the profiles to have a relatively poor signal to noise 
ratio. W hilst the uncertainties in  the contrasts are relatively high - making 
comparison d ifficu lt - it  is apparent that each o f the samples irradiated to a total dose 
o f 200 mJcm'^  have sim ilar contrast. It is therefore evident that the total degree o f 
cure w ill be sim ilar w ith equal UVC dose irregardless o f the curing regime fo r dose 
steps greater than 20 mJcm’ .^ This corroborates the work by Scherzer, Tauber et a l 
(2002) and studies looking at the mechanical properties at different dose rates 
conducted by NSC, both o f whom used high power U V sources.
The samples o f base resin w ith  m ultifunctional acrylates are more d ifficu lt to 
compare, owing to laiger temperature fluctuations throughout the total period o f 
measurement. These temperature variations originated from  the non-related use o f a
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water chiller unit adjacent to the GARField magnet which was seen to increase the 
ambient temperature o f the laboratory by as much as 5°C. However, whilst 
temperature changes were noted between different samples, the samples shown in 
Table 6.2 remained at a relatively constant temperature o f ± 0.5°C during each 150 
minute experiment. The signal to noise ratio was much higher fo r these profiles, 
which is evident by the standard deviations and uncertainties in  the calculated 
contrasts, making comparisons between samples easier. Good agreement can be seen 
in samples D to G, again indicating that the cure regime at these doses does not affect 
the total degree o f cure. The appar ently higher signal intensity in  the cured sample A  
measurement is more like ly  to be related to temperature and instrument related 
effects than to a reduction in  crosslink density. The profiles fo r these samples o f 
base resin w ith added unsaturated m ultifunctional acrylates show a sim ilar trend to 
those in  Figure 6.2 and are therefore not shown.
6.1.2 Single vs. cumulative cure: Small doses
Section 5.4.2.2 discussed the possibility o f oxygen diffusing into a sample o f base 
resin w ith 5 wt% unsaturated m ultifunctional acrylate, thereby inhib iting the free 
radical polymerisation reaction. This appeared to be evident only fo r relatively low 
doses w ith  the effects seen as lower surface cure and a threshold amount o f UVC 
needed to produce measurable crosslinking, Figure 5.6. However, the measurements 
above show no signs o f the degree o f cure changing w ith different dose rates. The 
issue o f oxygen inhib ition w ith in  these polymers therefore remains a contentious 
one.
To investigate the effects o f much lower doses on the observed GARField profile, 
further samples o f base resin w ith  5 wt% unsaturated m ultifunctional acrylates were 
created. These were made from  new adhesive sheets supplied by NSC to eliminate 
any age related issues which may have been present w ith  the original samples.
Two separate samples were made in  the same way as detailed in  Section 5.4 and
measured on GARField. Each profile  was recorded by acquiring 2048 averages at
intervals o f 0.35 seconds, w ith  the same number o f points, dwell time and echo time
as the GARField profiles in  Section 5.4. The firs t sample was measured three times
uncured to ensure good reproducibility and then iiTadiated with increasing amounts
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o f UV. Each o f tlie profiles were then processed in  the same manor as described in 
Section 5.4.1, and are shown in  Figure 6.3.
— ■ — 0 mUcm"" 
—“ — 30 mJcm'^ 
— • — 60 mJcm'^ 
—“ — 150 mJcm'^ 
— • — 300 mJcm'^ 
—“ — 600 mJcm'‘ 
—♦ — 1500 mJcm"
.g) 0.2
200 300 400 500
Position (idm)
600 700
Figure 6.3: GARField profiles of a sample of base acrylic resin with 5 wt% unsaturated 
multifunctional acrylate, circa 400 pm in thickness, exposed to increasing amount of UV with a 
minimum dose of 30 mjcm'^. Quoted doses are estimated total UVC doses. The spatial 
resolution is 16 pm.
The three uncured profiles which provide an idea o f the statistical fluctuation in 
profile  intensity were averaged together to provide a single reference profile. The 
sample was then irradiated w ith  U V  and measured after the total dose was 30, 60, 
150, 300, 600 and 1500 mJcm"^ UVC. As w ith previous experiments, after each 
exposure the sample was allowed time to cool to counter any sample heating caused 
by irradiation. UVC absorption w ith in  the sample is apparent w ith  the non-uniform 
depth o f cure after a single dose o f 30 mJcm'^ . A  further 30 mJcm'^  can be seen to 
cure deeper into the sample, w ith  almost fu ll cure occurring after 150 mJcm'^  UVC.
This follows the profiles presented in  Figure 5.6. However, prior to the measurement 
o f these new samples the U V lamp housing was rebuilt and the top reflector 
repositioned. W hilst, it  was not possible to recalibrate the UV intensity at the sample 
position using the same U V Power Puk® radiometer used orig inally, a different UVC 
meter was placed underneath the bottom reflector and an intensity o f circa
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3.0 ± 0 .8  mWcm’  ^was recorded. This corresponds to a thiee-fold increase in UVC 
intensity compared to the original setup.
A ll U V  doses were calculated from  the length o f the exposure and the UVC intensity. 
As the intensity could not be accurately recalibrated, the exact doses remain 
uncertain in comparison to those results presented throughout Chapter 4. 
Consequently, care should be taken when comparing Figure 6.3 w ith  a ll preceding 
measurements and w ill therefore be avoided where possible in  tliis  discussion.
The second new sample o f base resin w ith  5 wt% unsaturated m ultifunctional 
acrylates was measured w ith a different cure regime. Profiles were recorded and 
processed using the standard GARField parameters and method defined above. 
Three uncured measurements were taken to provide the experimental control profile. 
The sample was then exposed to smaller doses o f U V  and measured after total doses 
o f 3, 15, 30, 45, 60, 90, 120, 150, 300 and 900 mJcm'^  UVC. These aie shown in  
Figure 6.4.
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Figure 6.4: GARField profiles of a sample of base acrylic resin with 5 wt% unsaturated 
multifunctional acrylate, circa 500 pm in thickness, exposed to increasing amount of UV with a 
minimum dose of 3 mJcm \  Quoted doses are estimated total UVC doses. The spatial resolution 
is 16 pm.
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When compai'ing Figure 6.3 and Figure 6.4, it  is apparent that a total dose o f 
30 niJcm'^ obtained by two different regimes produces two different levels o f cure. 
A  regime w ith  cumulative small but time separated doses is seen to be less effective 
at crosslinking the adhesive compared to a larger one o ff dose. This is unlike ly to be 
related to an increase in  sample temperature caused by U V iiTadiation due to the 
sample being heated by less than 1°C in  a 10 second exposure. The sample was then 
given at least 10 minutes to return to thermal equilibrium  prior to measurement. The 
difference in  signal intensities between the two samples can therefore only be 
attributed to oxygen inhibition.
W allin  er <3/,. (2000) quote a self diffusion coefficient D, o f 3x10'^ ^ m^s * fo r 
molecular oxygen. Using this value in the relationship (r^ ) = I d D t , where {r^ )  is 
the mean squared displacement, d is the dimensionality and t is time, the 22 minutes 
between successive U V doses is found to be sufficient to replenish the molecular O2 
w ith in  the top hundred micrometers o f the adhesive layer. Therefore a threshold 
amount o f U V  is needed to create enough free radical species to firs t use up the 
molecular O2 in  the sample and then to in itiate free radical polymerisation. Clearly 
from  Figure 6.4, 15 mJcm'^  UVC is just enough to in itiate the crosslinking; where as 
30 mJcm'^  is required to produce a significant effect.
F inally the overall contrast seen between the cured and uncured samples in  both 
figures remains very sim ilar; indicating that w ith enough U V light, the problem o f 
oxygen inhib ition is elim inated and the same material properties is achieved. This 
supports the observations throughout Chapter 5 and Section 6.1.1. These effects can 
be further investigated by numerical modelling as discussed in  Chapter 8.
6.2 Dark Cure
Dark cure refers to the process whereby the formation of crosslinks continues fo r a 
significant time after the UV source has been switched off. Generally, free radical 
polymerisation only occurs during U V  irradiation [Decker, 1996; Roffey, 1997; 
Webster, 1997; Decker et a l,  2001; Scherzer et a l,  2002a]. In order to ascertain 
whether or not dark cure was taking place in  the acrylic adhesive supplied by NSC, 
an experiment was performed w ith  samples repeatedly measured over a long period
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o f time. Three samples o f fu ll form ulation UV4200 were made according to the 
method described in  Section 5.4. The firs t was le ft uncured, w hilst the others were 
irradiated w ith 100 and 500 mJcm"^ UVC. These doses were chosen to provide an 
uncured reference, a measurement o f a fu lly  cured sample and a measurement o f a 
sample w ith some intermediate degree o f cure.
The GARField magnet used to measure each o f the samples discussed previously is 
not automated, thus recording a series o f profiles over a long period o f time is not 
possible. Consequently, the magnet was not suitable for this experiment and the 
original smaller, bench top GARField magnet was used. This magnet is 2/3 o f the 
size o f the open GARField magnet, but has the same Bo fie ld  strength o f 0.7 T. As a 
result, the magnetic fie ld  gradient is 17.5 T m '\ The probe is positioned such that the 
resonance frequency is circa 30 M Hz, compared to 21 M Hz fo r the probe 
developed fo r this project.
Since there was no U V m ediation fa c ility  on the bench top GARField, the three 
samples were irradiated using the standard U V  apparatus on the open GARField. 
First a profile  o f each o f the samples uncured was taken. Each was then exposed to 
different amounts o f UVC, as described above, before being re-measured. This 
provided a means o f authenticating the doses w ith previous measurements o f the 
same formulation. Follow ing the U V  exposure, the samples were then transfeiTed to 
the bench top GARField where a profile  was recorded approximately every two 
hours up to a total o f between 62 and 65 hours.
Each profile  was recorded by acquiring 8192 averages w ith a repetition time o f 0.35 
seconds so that the total imaging time was o f the order o f 48 minutes. As w ith 
previous measurements, 32 echoes, spaced 150 pm apart were co-added to improve 
signal to noise. For each echo 256 data points were acquired w ith an interval o f 
0.7 ps, the resulting profiles therefore have a spatial resolution o f
7.5 pm. Each profile was processed by normalising to a piece o f uniform  rubber in 
the same way as described in  Section 5.4.1.1. The profiles fo r the sample irradiated 
w ith  500 mJcm'^  UVC can be seen in  Figure 6.5.
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Figure 6,5: Bench top GARField profiles of a sample of Full formulation UV4200, circa 
400 pm in thickness, measured over 65 hours following a 500 mjcm^ UVC exposure. The data 
has undergone 3 point smoothing to improve the appearance of the profile.
For clarity only selected profiles are shown in  Figure 6.5 and due to the poor signal 
to noise ratio found on the bench top GARField it  was necessary to apply three point 
smoothing. W hilst this affects spatial resolution, it  does allow fo r easier visual 
inspection o f the relative signal intensities between profiles.
The average signal intensity fo r each o f the profiles recorded fo r a ll three samples 
was calculated prior to three point smoothing. These values plotted against time 
along w itli the standard deviations expressed as error bars, are shown in 
Figure 6,6.
128
C h a p t e r  6 ; V a r ia t io n s  t o  t h e  c u r in g  r e g im e  a n d  m u l t i f u n c t io n a l  a c r y l a t e  c o n t e n t
0.4 I     ■ ■
(/)
F i f l l i  I  l l j l  i  Î  H U  I s  t . :
m 0.2c
B
0) PD) 0.1 - A - OmJcmcd
0  • B-100m Jem'
<  . ♦ C - SOOmJcm'^
0.0 0 10 20 30 40 50 60 70
Time (Hours)
Figure 6.6: The average signal intensity across the full width of the profiles for three samples of 
full formulation UV4200 measured up to 65 hours after irradiation with UV. Sample A (black 
squares) remained uncured, sample B (red circles) was irradiated with 100 mjcm'^ and sample 
C (blue diamonds) was irradiated with 500 mjcm'^. Fitted to the data points are linear trend 
lines with gradients -(2.2 ± 0.9)xl0  ^ hour \  -(3.1 ± 1.0)xl0 ■* hour ' and -(2.9 ± 0.8)xl0"* hour ' 
for the samples A, B and C respectively. Quoted doses are estimated UVC doses. Error bars are 
calculated from the standard deviation of the mean signal intensity.
A ll three samples show a slight reduction in average signal intensity throughout the 
period o f measurement. A  linear function has been fitted to the data points to yield 
gradients o f -(2 .2  ± 0.9)xl0''^ h o u r'\ -(3.1 ± 1.0)xl0  ‘^  hour" ' and -(2 .9  ± 0 .8 )x l0   ^
hour'* for the uncured, 100 and 500 mJcm^ irradiated samples respectively. These 
are all very comparable and are therefore not like ly  to show dark cure, which would 
be most prominent in the sample only intermediately cured follow ing 100 mJcm^ 
UVC. Conversely, the ambient temperature o f the laboratory is like ly  to change 
during the measurement period due to the other pieces o f equipment which generate 
heat being switched o ff shortly after the start o f the 65 hours. This is much more 
like ly to be the cause o f changes in mean signal intensity than any post curing 
effects.
6.3 Varying multifunctional acrylate concentration
Along w ith the new samples o f base resin w ith 5 wt% unsaturated m ultifunctional 
acrylates shown in Figure 6.3 and Figure 6.4, National Starch and Chemical also 
supplied samples o f base resin w ith 1, 2, 7.5 and 10 wt% unsaturated m ultifunctional
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acrylates so that the effect o f varying this concentration could be investigated. A  
new sample o f pure base resin was also supplied. Each o f these formulations were 
supplied on the white (2PB 120 12V) Cotek® liner due to the low release value which 
made constructing samples easier.
New samples o f each o f the formulations were created so that relaxometry 
measurements could be taken on the 20 M Hz bench top spectrometer. The method 
o f constructing samples was sim ilar to that described in  section 5.3. Two strips o f 
each form ulation, circa 15x100 mm were cut from  the supplied adhesive sheets. One 
o f the pair o f samples fo r each form ulation was irradiated w ith  a dose o f 
1500 mJcm'^  UVC whilst the other remained uncured. The strips were then rolled up 
and wrapped in  PTFE tape prior to being placed inside a 10 mm glass NM R tube.
In  Chapter 5, T2 was seen to exhibit the largest change between uncured and cured 
samples. T2 also offers the greatest insight into the degree o f cure w ith in  the 
adhesive layer. For these reasons it  was decided to systematically measure the 
transverse magnetisation on the bench top spectrometer using the CPMG experiment. 
Interm ittent measurements o f the longitudinal relaxation fo r samples w ith three 
different concentrations o f m ultifunctional acrylates confirmed only small changes in 
T\ were seen. Consequently no systematic measurements o f T\ were made. As w ith 
previous T2 measurements, the data was fitted w ith  a 2 component exponential decay 
w ith  additional offset, using OriginLab scientific graphing and analysis software. 
The solutions corresponding to each o f the formulations are shown in  Table 6.3.
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W hilst the samples were made to be very similar* in  size, they were not weighed prior 
to being measured so it  was not possible to normalise the magnetisation values. This 
is not expected to pose any problems since the T2 times, which are more indicative o f 
degree o f cure can s till be compared. Table 6.3 shows the T2 times fo r both 
components o f the uncured samples increasing w ith the concentration o f 
m ultifunctional acrylates. As this concentration increases the number o f large 
molecular weight polymer chains per sample volume w ill therefore decrease. 
Subsequently, the motion o f these chains becomes less restricted and 7% is seen to 
increase. The long component, which was attributed to the lower molecular weight 
species in  the sample, is also seen to increase by a greater amount than the shorter 
component. This further supports the assignment o f each o f these components made 
in  Section 4.3.2. In  addition, the change in  7% from  uncured to cured is also seen to 
increase w ith increased m ultifunctional acrylate concentration A  notable exception 
is in  the sample o f base resin w ith  1 wt% unsaturated m ultifunctional acrylates which 
is thought to be a spurious result possibly caused by poor equipment set up.
Increasing the concentration o f m ultifunctional acrylates should increase the degree 
o f cure since more reactive species are present to cause crosslinks. However, once 
all o f the benzophenone on the base polymer has been initiated no further free radical 
species are created during U V irradiation and the free radical polymerisation reaction 
between m ultifunctional acrylates and the polymer chains stops. The fina l crosslink 
densities and hence short component T2 times fo r fu lly  cured samples should 
therefore remain quite similar* despite the concentration o f m ultifunctional acrylates. 
This can be seen to some extent in  Table 6.3 and also in the cured samples o f pure 
base resin and base resin w ith 5 wt% m ultifunctional acrylates in Table 5.4.
To further examine this idea, samples o f the base resin w ith different m ultifunctional 
acrylate concentrations were profiled on GARField. As w ith  previous GARField 
measurements, each sample consisted o f two 15x15 mm squares adhered to a glass 
coverslip such that the adhesive layer was circa 400 pm thick. The samples were 
then measured using the same parameters and instrument settings as detailed in  
Section 5.4.
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Prior to U V  irradiation, three measurements o f the uncured samples were taken to 
ensure good reproducibility from  the equipment. Each form ulation was then 
irradiated w ith  1500 mJcm'^  UVC and measured a further three times. A ll profiles 
were then processed in  the same manor as previous measurements w ith  the profile 
shape being normalised first, to a piece o f uniform  rubber. The three profiles before 
and after irradiation where then averaged together to yield a signal measurement for 
each form ulation uncured and fo llow ing U V  irradiation.
Both uncured and fu lly  cured profiles were square in shape so a decision was made 
to take the average signal intensity across the fu ll depth o f the adhesive layer and use 
these values to compare the different formulations rather than the profiles 
themselves. The reason behind this was that differences in  sample thicknesses aiise 
from  the method used to make the adhesive samples and as a consequence, visual 
comparison between profiles is confusing. The average signal intensity, along w ith 
the coiTesponding standard deviation o f the mean fo r each form ulation is shown in 
Table 6.4.
multifunctional acrylate 
concentration (wt%)
Mean signal intensity across profile 
Uncured (a.u.) Cured (a.u.)
Contrast
(%)
0 0.63 ±0.01 0.55 ±0.01 13.3 ± 1.5
1 0.69 + 0.01 0.56 + 0.01 19.3 ± 1.6
2.5 0.89 ±0.01 0.64 ±0.01 27.8 ±1.2
5 0.99 ±0.01 0.56 ± 0.01 42.9 ± 0.9
7.5 1.06 ±0.01 0.51 ±0.01 52.0 ± 0.8
10 1.70 ±0.01 0.64 ±0.01 62.6 ± 0.4
Table 6.4: Mean signal intensities and standard deviation across full width of GARField profiles 
for samples of base acrylic resin with various concentrations of unsaturated multifunctional 
acrylates measured uncured and after 1500 mjcm'^ UVC. Contrast calculates cured sample 
intensity as a percentage of initial intensity.
Table 6.4 also includes a measure o f the contrast, given by Expression 6.1. As 
expected the results m irror those in  Table 6.3; the signal intensity o f the uncured 
sample increases w ith the concentration o f m ultifunctional acrylates due to the 
increased number o f the more mobile low  molecular weight species. Furthermore 
the contrast also increases w ith m ultifunctional acrylate concentration just as the 
relative change in T2 between uncured and cured was seen to in  similai* samples 
measured on the bench top spectrometer. C leaily GARField profiles are more 
indicative o f the degree o f cure across the fu ll depth o f an adhesive layer than
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relaxometry measurements. As such, the profile  contrast rather than T2 has been 
plotted as a function o f the concentration o f m ultifunctional acrylates, Figure 6.7.
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Figure 6.7; GARField profile contrast between average signal intensities across full depth of 
uncured and cured samples of base resin with increasing amounts of unsaturated 
multifunctional acrylate. Uncertainties calculated from the standard deviations of the mean 
signal intensities and may be too small to be visible for some data points.
Fitted to the data points is a linear function w ith  a gradient o f 4.7 ±0.1 %/wt%, an 
intercept on the vertical axis o f 16.5 ± 0.8% and an value o f 0.995, calculated 
using OriginLab scientific software. However, w ith  this particular data set it  is not 
certain whether the relationship between the profile  contrast and hence the crosslink 
density post cure varies linearly w itli the concentration o f m ultifunctional acrylates. 
It is more like ly  that a condition w ill be reached where the degree o f cure does not 
increase w ith m ultifunctional acrylate concentration, since the number o f 
benzophenone photoinitiator groups per sample volume w ill decrease, thereby 
reducing the number o f free radicals produced by U V iiTadiation. National Starch 
and Chemical could not supply a form ulation w ith  m ultifunctional acrylate 
concentration greater than 10 wt% so this could not be verified.
The increase in the concentration o f m ultifunctional acrylates is expected to speed up 
the curing process, producing higher crosslink densities per unit dose due to the fact 
that the benzophenone molecules aie less sterically hindered when the low  molecular 
weight m ultifunctional acrylates are present. An initiated benzophenone molecule
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would therefore be more like ly  to undergo free radical polymerisation as opposed to 
grafting to a single polymer chain or decaying back to its original state. However, it  
is unclear what effects oxygen inh ib ition w ill have on the degree o f cure w ith  
different concentration o f m ultifunctional acrylates.
To investigate these effects, two further samples o f each form ulation were made for 
measurement on the GARField magnet. The samples were created according to the 
method described in Section 5.4. Each profile  was recorded by acquiring 32 echoes 
w ith an echo time o f 150 ps and 2048 averages at intervals o f 0.35 s. The total 
imaging time was therefore o f the order o f 12 minutes. Each echo consisted o f 256 
data points, acquired at intervals o f 0.7 ps, producing a resolution o f circa 16 pm.
For each formulation, the firs t sample was measured three times uncured to ensure 
good reproducibility and then inadiated w ith UV. A  measurement was taken after 
the total UVC dose equalled 30, 60, 150, 300, 600 and 1500 mJcm'^ . The samples 
were allowed time to cool fo llow ing each exposure. The experimental process was 
then repeated w ith  the second sample o f each formulation. However, the UVC dose 
steps were in itia lly  smaller, w ith a measurement taken after the total UVC dose 
equalled 3, 15, 30, 45,60, 90, 120, 150, 300, 900 m Jcm 'l
Each o f the profiles were then processed in  the same manor as described in  section
5.4.1, and aie shown in the subsequent pages. The new samples o f base resin w ith 5 
wt% m ultifunctional acrylates have previously been shown in  Figure 6.3 and Figure 
6.4.
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Figure 6.8: GARField profiles of a sample of base acrylic resin with Iw t % unsaturated 
multifunctional acrylate, circa 400 pm in thickness, exposed to increasing amount of UV with a 
minimum dose of 30 mjcm'^. Quoted doses are estimated total UVC doses. The spatial 
resolution is 16 pm.
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Figure 6.9: GARField profiles of a sample of base acrylic resin witb 1 wt% unsaturated 
multifunctional acrylate, circa 400 pm in thickness, exposed to increasing amount of UV with a 
minimum dose of 3 mjcm .^ Quoted doses are estimated total UVC doses. The spatial resolution 
is 16 pm.
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Figure 6.10: GARField profiles of a sample of base acrylic resin with 2.5 wt% unsaturated 
multifunctional acrylate, circa 400 pm in thickness, exposed to increasing amount of UV with a
minimum dose of 30 mJcm 
resolution is 16 pm.
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Figure 6.11: GARField profiles of a sample of base acrylic resin with 2.5 wt% unsaturated 
multifunctional acrylate, circa 400 pm in thickness, exposed to increasing amount of UV with a 
minimum dose of 3 mjcm^. Quoted doses are estimated total UVC doses. The spatial resolution 
is 16 pm.
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Figure 6.12: GARField profiles of a sample of base acrylic resin with 7.5 wt% unsaturated 
multifunctional acrylate, circa 400 pm in thickness, exposed to increasing amount of UV with a 
minimum dose of 30 mjcm^. Quoted doses are estimated total UVC doses. The spatial 
resolution is 16 pm.
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Figure 6.13; GARField profiles of a sample of base acrylic resin with 7.5 wt% unsaturated 
multifunctional acrylate, circa 400 pm in thickness, exposed to increasing amount of UV with a 
minimum dose of 3 mjcm'^. Quoted doses are estimated total UVC doses. The spatial resolution 
is 16 pm.
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Figure 6.14: GARField profiles of a sample of base acrylic resin with 10 wt% unsaturated 
multifunctional acrylate, circa 500 pm in thickness, exposed to increasing amount of UV with a 
minimum dose of 30 mjcm^. Quoted doses are estimated total UVC doses. The spatial 
resolution is 16 pm.
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Figure 6.15: GARField profiles of a sample of base acrylic resin with 10 wt% unsaturated 
multifunctional acrylate, circa 500 pm in thickness, exposed to increasing amount of UV with a 
minimum dose of 3 mjcm'^. Quoted doses are estimated total UVC doses. The spatial resolution 
is 16 pm.
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Figure 6.8 and Figure 6.9 show samples o f base resin w ith 1 wt% m ultifunctional 
acrylates irradiated w ith  U V according to two different dose regimes. In Figure 6.8, 
the in itia l 30'mJcm'^ dose is seen to generate crosslinks throughout the fu ll depth o f 
the sample. A  noticeable gradient in  the degree o f cure across the layer can be seen 
which is attributed to the attenuation o f UVC photons. A  second 30 mJcm"^ UVC 
dose further cures the sample. As w ith  the profiles seen throughout Chapter 5, a 
non-liner relationship between degree o f cure and dose can also be seen. F inally the 
sample is seen to be fu lly  cured after a total dose o f circa 600 mJcm'^  UVC.
The profiles o f the same form ulation irradiated w ith  smaller UVC doses, Figure 6.9, 
are markedly different. W ith a dose o f 30 mJcm'^  UVC that was achieved w ith 3 
separate exposures o f 3, 12 and 15 mJcm'^ , only the upper 150-200 pm shows signs 
o f crosslinking. The signal intensity in  the bottom 200-250 pm remains relatively 
unchanged w ith each o f the subsequent 15 mJciiT^ exposures. The fu ll depth o f the 
adhesive layer only begins to show real signs o f curing once the dose size is 
increased to 30 mJcm'^ , seen in  the profile  after 90 mJcm^ in Figure 6.9. This is 
thought to be due to oxygen quenching radical species and therefore reducing the 
number available to form  crosslinks.
In  comparison to this form ulation, a larger reduction in  signal is seen when the 
concentration o f m ultifunctional acrylates is increased to 2.5 wt%. Figure 6.10 and 
Figure 6.11. In  Figure 6.10 it  can be seen that after an in itia l 30 mJcm"^ UVC 
exposure the adhesive layer is almost fu lly  cured in  the top region, w ith  the degree o f 
cure decreasing w ith  depth into the sample. Although the crosslink density w ill be 
higher in  this sample, the effect o f the 30 mJcm^ dose m irrors that seen in  the sample 
o f base resin w ith  1 wt% m ultifunctional acrylate. A  marked difference between 
Figure 6.10 and Figure 6.8 is that a greater degree o f cure is seen at intermediate 
doses in  the sample w ith a higher concentration o f m ultifunctional acrylate. This is 
expected since the m ultifunctional acrylates are added to increase the crosslink 
density.
Figure 6.11 also shows sim ilar features to the sample w ith a lower concentration o f 
m ultifunctional acrylates, Figure 6.9. An in itia l dose o f 3 mJcm'^  does not cause any 
noticeable decrease in  signal intensity, indicating that the initiated benzophenone
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molecules are being quenched by the oxygen present in  the sample before they can 
form  crosslinks. As the dose is increased, the number o f initiated species becomes 
sufficient to overcome oxygen quenching and to start free radical polymerisation. 
This is most easily seen in the profile  fo llow ing an increase in  the dose step from  15 
to 30 mJcm'^  UVC, where a much greater reduction in  signal intensity throughout the 
layer.
The new sample o f base resin w ith 5 wt% m ultifunctional acrylates has already been 
presented in  Figure 6.3 and Figure 6.4 and w ill therefore only be discussed again 
briefly. In  comparison to the new samples w ith a concentration o f 2.5 wt% 
m ultifunctional acrylates, the contrast between cured and uncured samples is seen to 
increase by approximately 10% as a result o f a higher degree o f cure. Again this is 
consistent w ith increased crosslink density which would result from  more 
m ultifunctional acrylate groups available to propagate the free radical polymerisation 
reaction. Again, w ith  low  UVC dose steps only small increases in crosslink density 
are seen in  the upper regions o f the layer fo llow ing each exposure. Figure 6.4. 
Curing in only the top 200 pm is again seen, however, the poorly resolved upper 
edge o f the sample makes direct comparisons d ifficu lt.
Figure 6.12 and Figure 6.13 show profiles o f the sample o f base resin w ith
7.5 wt% m ultifunctional acrylates irradiated w ith  different dose regimes. As w ith the 
samples o f base resin w ith lower concentrations o f m ultifunctional acrylates, an 
in itia l dose o f 30 mJcm'^  shows a large variation in  degree o f cure across the 
adhesive layer, Figure 6.12. W hilst this is clearly down to UVC attenuation w ith in 
the adhesive layer, it  is not clear whether increasing the m ultifunctional acrylate 
concentration has an effect on the amount o f UVC screening. The m ultifunctional 
acrylate molecules are sim ilar in  composition to the polymer backbone and should 
therefore not change the absorbance o f the adhesive layer. The apparent increase in 
UVC attenuation in  Figure 6.12 after 30 mJcm'^  is therefore like ly  to be due to the 
increased contrast resulting from  a greater crosslink density, which accentuates the 
variation across the layer.
The greater degree o f cure w ith  this form ulation is again expected due to the 
increased concentration o f crosslinking species. In  addition, the samples in  Figure
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6.12 and Figure 6.13 are both seen to be fu lly  cured after only 150 mJcm'^  total UVC 
dose which is lower than those formulations discussed previously. Increasing the 
concentration o f m ultifunctional acrylates therefore accelerates the curing. Finally, 
a spurious peak can be seen in  the top 20-50 pm o f the profiles measured after UVC 
doses o f 30, 60 and 150 mJcm"". It is not clear whether this is due to oxygen 
inh ib ition in  the surface o f the adhesive layer or G ibb’s phenomena as discussed in 
Section 5.4.2.2.
The sample o f the same form ulation irradiated w ith  smaller doses. Figure 6.13 also 
shows a greater degree o f cure per unit dose compared to samples w ith lower 
m ultifunctional acrylate concentration. As w ith previous samples the in itia l 
3 mJcm"^ UVC dose does not appear to produce any effect and considerable 
reduction in  the degree o f cure is seen when smaller dose steps aie used.
The samples o f base resin w ith  10 wt% m ultifunctional acrylates iiTadiated w ith 
identical curing regimes are presented in  Figure 6.14 and Figure 6.15. Figure 6.14 
shows sim ilar results to the profiles o f the other formulations. As expected, an 
increase in  the concentration o f m ultifunctional acrylates further increases the degree 
o f cure and hence the contrast. A  reduction in  signal intensity between the profile 
after 600 and after 1500 mJcm"^ is seen fo r the firs t time. The sample is believed to 
be fu lly  cured after 600 mJcm'^  so no further reduction in  signal is expected. It is 
therefore thought that tliis  abnormality is due to insti'umental and/or temperature 
effects opposed to a change in  physical properties o f the adhesive layer. F inally the 
sample o f the same form ulation irradiated w ith  smaller sized dose steps, Figure 6.15, 
also shows the effects o f oxygen inhibition.
6.4 Conclusions
Section 6.1 showed that the total degree o f cure fo r sim ilar samples after equal UVC 
doses w ill be the same regardless o f the curing regime fo r dose steps greater than 
20 mJcm'^  UVC. For lower U V  dose steps, it  was noted that a single dose was more 
effective at curing the adhesive layer than an equal dose obtained through m ultiple 
smaller exposures. This effect was attributed to oxygen inhib iting the curing reaction 
through quenching the initiated benzophenone species.
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Continued curing fo llow ing irradiation, known as dark cure, was investigated by 
measuring three samples o f fu ll form ulation UV4200 over a prolonged period o f time 
after the U V exposure. No discernable difference in  profile intensities was observed 
over 65 hours, concluding that crosslinking only occurs during the period o f U V 
irradiation.
Varying the concentration o f m ultifunctional acrylates showed that a larger 
concentration produced a higher degree o f cure. This was expected since the 
function o f the m ultifunctional acrylate is to increase the crosslink density w ith in the 
adhesive. Furthermore, the signal intensity fo r uncured samples was seen to increase 
w ith  higher m ultifunctional acrylate concentration. This was believed to be a result 
o f the low  molecular weight acrylate species increasing the m obility w ith in the 
adhesive. This was further confirmed by an increase in  the short T2 component w ith 
increasing m ultifunctional acrylate concentration measured on the 20 M Hz Maran 
bench top spectrometer.
Finally, each o f the samples w itli different m ultifunctional acrylate concentrations 
showed signs o f oxygen inh ib ition when smaller dose steps were used. This effect 
appeared independent o f the m ultifunctional acrylate concentration.
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Chapter 7
Magnetic Resonance studies at 
high temperature
7.1 Introduction
U ltraviole t radiation cured acrylic adhesives o f the type investigated throughout this 
work are typically applied at temperatures around 120°C in industrial applications. 
As a consequence, the viscosity o f the adhesive is very different during industrial 
curing than during the inadiation and measurement discussed in  the preceding 
chapters.
The new high temperature probe introduced in  Chapter 3, was designed to allow the 
curing and measurement regime during research to be as accurate a representation o f 
the standai'd industrial setup as possible. This chapter details high temperature 
studies o f the formulations supplied by National Starch and Chemical w ith  the aim o f 
determining the effects o f heating on (i) the adhesive material itself, ( ii)  the cure rate, 
and ( iii)  the fina l degree o f cure o f the adhesive.
Increasing the temperature o f the adhesive is expected to increase the molecular 
motion o f the polymer chains. Subsequently, the T2 time should increase giving rise
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to a larger observable signal in  GARField magnetic resonance measurements. 
Predicting the results o f irradiating the adhesive at temperature is non-tiiv ia l: The 
U V attenuation throughout the depth o f the film  is not expected to change, although, 
the increased m obility o f reactive species may increase the efficiency o f irradiation. 
However, an increase in  molecular motion could result in  the GARField signal 
intensity being dominated by thermal motion to such a degree that no change in 
polymer rig id ity  throngh crosslinking is observable.
As w ith  measurements at room temperature presented in  previous chapters, the T\ 
and 72 times fo r each o f the formulations were in itia lly  recorded. Prior to recording 
high temperature data sets on GARField, profiles were recorded as a function o f 
temperature to determine the level o f contrast between cured and uncured samples 
that could be observed. Finally, a systematic study o f the effects o f heating on the 
cure rate and degree o f cure was made.
7.2 Relaxation measurements
The T\ and T2 times fo r each o f the formulations cured at 80°C were measured using 
the 20 M Hz Maran bench top spectrometer w ith  the same parameters as previous 
measurements. These may then be directly comparable to those cured at room 
temperature presented in  Section 4.3.
For these measurements, samples fo r each form ulation were constructed according to 
the method outlined in Section 4.3. Two strips o f each formulation, approximately 
15x100 mm were cut from  the original adhesive sheets supplied by NSC. Since little  
variation across the liners was seen in  Chapter 5, each o f these samples was taken 
from  the sheets w ith the cream, higher release value Cotek paper. The mass o f each 
sample was recorded and found to be between 280 and 340 mg. For each 
formulation, one sample was placed on a hotplate at 80°C fo r 10 minutes and was 
then irradiated at this temperature fo r 3.75 minutes corresponding to a dose o f 
200 mJcm'^  UVC. The sample was then allowed to cool before being rolled and 
wrapped in  PTFE tape and placed inside a 10 mm glass NMR tube. The second 
sample fo r each form ulation was placed on the 80°C hotplate fo r 13.75 minutes and
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was not subjected to U V irradiation. Again, this sample was allowed to cool before 
being placed in  an NM R tube in  the same manor as the irradiated sample.
The Maran bench top spectrometer was unable to heat samples so a ll measurements 
were performed at room temperature, circa 20°C. As detailed in  Chapter 5, the T\ 
times were measured using an inversion recovery experiment and the T2 times were 
measured using a CPMG pulse sequence. The parameters used in  these experiments 
were the same as those given in Section 4.3.1 and 4.3.2 for the inversion recovery 
and CPMG experiments, respectively. The RF pulse lengths, which were 
automatically determined by the pulse program, were set to 2.2 ps fo r a 90° and 
4.4 ps fo r a 180°.
The inversion recovery data fo r each sample was fitted w ith Equation 4.1 using 
OriginLab scientific graphing and analysis software to yield T\ values. These results 
are presented in  Table 7.1. The data from  the CPMG experiment was fitted w ith the 
two component exponential decay given in  Equation 4.2, and the results are 
presented in  Table 7.2.
Sample
Formulation
UVC Dose 
(mjcm’^ )
M q 
(arb. units)
a Ti
(ms)
Base Resin 0 3850 1.95 86 ±1
Base Resin 200 3910 1.94 85 ± 1
+ Multifunctional Acrylates 0 4430 1.96 82 ±1
+ Multifunctional Acrylates 200 3990 1.91 87 + 1
+ Multifunctional Acrylates + Pi 0 4450 1.96 82 ±1
+ Multifunctional Acrylates + Pi 200 3320 1.96 90+1
+ Tackifier 0 2750 1.92 98+1
+ Tackifier 200 3320 1.93 96 ± 1
Full Formulation UV4200 0 3030 1.94 97 ±1
Full Formulation UV4200 200 3040 1.92 102+ 1
Table 7.1; Magnetisation and relaxation parameters following an inversion recovery experiment 
for each of the formulations supplied by NSC. Values are produced from the best fits to 
Equation 4.1, found using a Levenberg-Marquardt algorithm to solve non-linear problems. 
Random noise was added to the data and 5 replicates analyses. Quoted errors are based on 
standard deviations of the solutions.
Comparing the data in  Table 7.1 w ith  the values in  Table 5.2 and Table 5.3 fo r the 
corresponding formulations, it  can be seen that the T\ values are almost identical. 
Furthermore, the transverse relaxation measurements shown in  Table 7.2 are also 
very sim ilar to those in Table 5.4 and Table 5.5. The fact that the data in  these
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measurements and those in  Chapter 5 aie so sim ilar shows that heating the adhesive 
to 80°C has no observable detrimental effects. In addition, these results indicate that 
once the adhesive is fu lly  cured, the same crosslink density is found regardless o f 
whether the irradiation is performed at 20°C or 80°C.
However, these results only show what the fina l cure state o f the adhesive is and do 
not provide any evidence fo r whether the curing process is more or less efficient at 
elevated temperature. Measurements using the high temperature GARField probe 
developed fo r this project are therefore necessary to further understand the effect 
heating has on the acrylic adhesive.
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7.3 Profile intensity as a function of temperature
Throughout recording GARField measurements o f each o f the formulations at room 
temperature it  was evident that small changes in temperature o f only 
± 1-2°C had a profound effect on the observed profile  intensity. This can be 
explained by the molecular motion w ith in  the polymer increasing w ith  temperature, 
making 7% longer and producing a greater NM R signal from  the GARField 
measurement. To further understand the relationsliip between temperature and 
GARField profile intensity, two samples o f base resin w ith 5 wt% m ultifunctional 
acrylates and 1 wt% additional photoinitiators, one irradiated w ith  1500 mJcm'^  
UVC and the other le ft uncured were systematically measured as a function o f 
temperature.
This form ulation was chosen as it  provided the greatest contrast between cured and 
uncured profiles measured at room temperature, Figure 5.7. Each sample was 
constructed by adhering two 15x15 mm squares o f adhesive to an 18x18 mm, 
150 pm th ick glass coverslip. This provided a single adhesive layer approximately 
400 pm in  thickness for each sample.
In order to measure samples at elevated temperature using the high temperature 
probe, it  was necessary to m odify the standard GARField pulse sequence. These 
modifications involved a 150 ms delay prior to the CPMG echo train as discussed in 
Section 4.3, and an increase in  the repetition delay from  0.35 to 1.0 second to provide 
longer heating time and allow stable temperature control. The original and the 
m odified pulse sequences are shown diagrammatically in  Figure 7.1.
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Figure 7.1: Diagram showing original GARField pulse sequence (A) with 16 echo CPMG train, 
inset and modiHed GARField pulse sequence used for high temperature measurements (B). The 
shaded areas indicate the delay periods in milliseconds. The diagram is approximately to scale.
The inclusion o f the additional delay times should not have introduced any problems 
since (i) the acquisition parameters remained identical to those given in Section 4.4, 
and (ii) the combination o f both delay times produces a longer time for T\ recovery 
to occur between acquisitions. A  repetition delay o f 3.5 T\ allows 96.98% o f the 
magnetisation to recover, whereas 10 T\ allows 99.995% o f the magnetisation to 
recover. This difference is expected to be negligible in these measurements.
Prior to being measured at high temperature, both o f the samples were measured 
uncured at 20°C using the standard GARField pulse sequence described in Section 
5.4.1. An echo time o f 150 ps was used w ith 256 data points, a dwell time o f 0.7 ps, 
a repetition delay o f 0.35 seconds and 2048 averages. This provided confirmation 
that the samples were correctly made and ensured that the samples were directly 
comparable to those measured previously. One o f the samples, (labelled sample A) 
remained uncured, whilst the second sample (B) was irradiated w ith 1500 mJcm'^  
UVC at 20°C. A  further measurement o f sample B was made follow ing the 
irradiation. Each o f the profiles were normalised firs t to a piece o f uniform  rubber 
and secondly to the shape o f the in itia l uncured profile to yield uniform  square 
profiles. The uncured profile for sample A  and the irradiated profiles for sample B 
are shown in Figure 7.2.
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Figure 7.2; GARField profiles of two similar samples of base resin with 5 wt% multifunctional 
acrylates and 1 wt% additional photoinitiator. Sample A (solid squares) remained uncured, 
whilst sample B (open squares) was irradiated with 1500 mjcm’^  UVC. The variation in profile 
thickness is attributed to differences in the original samples rather than and film shrinkage due 
to the formation of crosslinks. The profiles resolution is 16 pm.
Good reproducibility is seen between these profiles and those o f a single sample 
iiTadiated w ith equal doses given in  Figure 5.7. The variation in  the thickness 
between the two profiles in Figure 7.2 is attributed to differences in  the original 
samples rather than shrinkage o f the adhesive layer caused by the formation o f a 
crosslinked network.
Sample A , presented in  Figure 7.2 was then placed on the probe and measured using 
the m odified GARField pulse sequence described above. The parameters remained 
the same as those fo r the standaid pulse sequence w ith the exception o f increasing 
the repetition delay to 1 second, increasing the number o f echoes to 32 and reducing 
the number o f averages to 256. The signal intensity at elevated temperatures was 
expected to be high; therefore a reduction in  the number o f scans was possible. The 
high temperature probe was then switched on and the sample heated to 100°C in 
steps o f 10°C. A t each 10°C interval, the probe was allowed 5 minutes to stabilise 
prior to a profile being recorded. The temperature controller was unable to stabihse 
at 30°C so a measurement was not possible. Follow ing completion o f the fina l 
measurement, the heater was switched o ff and the probe was allowed to cool down. 
Once the probe was back to room temperature, the experiment was repeated w ith  the 
sample irradiated w ith 1500 mJcm'^  UVC. Each o f the profiles were processed using
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the same method as the room temperature measurements, and are shown in Figure 
7.3 and Figure 7.4 fo r the uncured and irradiated samples, respectively.
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Figure 7.3: GARField profiles of an uncured sample of base resin with 5 wt% multifunctional 
acrylates and 1 wt% additional photoinitiator measured at different temperatures. The shape 
of the profiles have only been normalised to a piece of uniform rubber, therefore a residual 
gradient across the profile depth is seen. The increase in sample thickness with temperature is 
due to the adhesive layer pooling on the glass coverslip. The signal intensities have been 
normalised to that of the standard room temperature measurements. The spatial resolution of 
the profiles is 16 pm.
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Figure 7.4: GARField profiles of a sample of base resin with 5 wt% multifunctional acrylates 
and 1 wt% additional photoinitiator irradiated at room temperature with 1500 mJcm  ^ UVC  
and measured at different temperatures. The shape of the profiles have only been normalised to 
a piece of uniform rubber, therefore a residual gradient across the profile depth is seen. The 
increase in sample thickness with temperature is due to the adhesive layer pooling on the glass 
coverslip. The signal intensities have been normalised to that of the standard room temperature 
measurements. The spatial resolution of the profiles is 16 pm.
The shape o f the profiles in  Figure 7.3 and Figure 7.4 was only normalised to a piece 
o f uniform  rubber. Further shape normalisation was not possible as a single control 
covering each temperature was not available. Consequently, a residual gradient is 
seen across the depth o f the profile. Furthermore, the signal intensity o f each profile 
was divided by the number o f scans to elim inate the differences in  the number o f 
averages recorded. The increase in  profile  thickness as the temperature increases is 
thought to be due to the adhesive layer pooling on the glass coverslip.
Figure 7.3 and Figure 7.4 show the profile  intensities increase w ith  increasing 
temperature. The intensity o f each profile  is the result o f a summation over a ll o f the 
echoes recorded in  the GARField acquisition. The higher the temperature, the more 
signal present in the later echoes which suggests a longer Ti. This indicates more 
molecular' motion w ith in the sample and therefore suggests the motion to be 
thermally activated.
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The bandwidth o f the radio frequency pulse used to excite the sample was large 
compared to the sample w idth in  frequency units, and the repetition delay between 
each scan was long compared to the Ti time. O stroff and Waugh (1966) showed that 
when the inter-pulse gap x is sufficiently short compared to T2, the GARField pulse 
sequence approximates to a measurement o f the longitudinal relaxation in  the 
rotating frame Tip, which sim ilarly to T2 also provides inform ation on the slower, 
large group rotations. According to BPP theory. Tip varies as 1/xc out to long 
cori’elation times [Bloembergen et a l,  1947; Harxis, 1986] leading to
In 7]^ = ±  Inx^ + constant (7.1)
I f  the molecular motion follows Arxhenius behaviour w ith a single activation energy 
Ea, then the correlation time is given by Equation 7.2.
Gxp
V y
(7.2)
where Rb is Boltzmann constant and T is temperature. Combining 7.1 and 7.2 allows 
the relaxation time to be expressed as a function o f temperature;
^ - J i.  r (7.3)— F constant T
Accurate determination o f relaxation times from  GARField NM R data is not possible 
due to the low signal-to-noise ratio and the m inimum echo time o f 150 ps, which 
lim its  the number o f echoes prior to the signal decaying. However, the intensity o f a 
GARField profile constructed from  the summation o f 32 echoes and assuming a 
single relaxation component can be estimated according to
32
h i  = Z L e x p — 2nT
I/) /
32
;z = l
exp - 2 rTV y
(7.4)
Geometric series expansion o f this function allows Equation 7.4 to be rewritten as
h i  -  h
f r n ^ r  \
1 - - 2 t - I texp T\  ^P J
•exp T
V - - \  ^P J
1 -exp ^ -2 T ^
(7.5)
T
In  the lim its o f the GARField NM R experiment, this can be further sim plified 
according to
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/ q - exp
3^2 ~
 ^-2'T^
V y _
1 -exp ^ -2 T ^ exp
(7.6)
-1
In this context, / q is a scaling factor coixesponding to the in itia l intensity in the 
absence o f any relaxation mechanisms and could not be obtained experimentally. 
Subsequently, the ratio o f two data sets w ith  different values o f x can be used to 
remove / q- Rather than record a separate data set, the GARField data was 
reprocessed using alternate echoes to produce profiles which were the summation o f 
16 echoes spaced 300 ps apart. The intensity o f these profiles can be estimated by 
Equation 7.7.
- 2 n T 16 r - 2 r 1
T — -^ 0 exp T\  ^ P  J 71=2,4... V /
Ac = Ë  L e x p
h = 2 ,4 ...
Follow ing the above arguments leads to the sim plified expression;
/n
(7.7)
16
exp 4tTV ip y
(7.8)
-1
Defining R = exp(2T/T|^), rearranging Equations 7.6 and 7.8 to make /o the subject 
and equating these functions to each other leads to
A j R - l )  =  (7.9)
Equation 7.9 can be rewritten as a quadratic equation and knowing h 2 , 7%6 and x, 
solved fo r Tip.
The mean signal intensity, along w ith  the standard deviation from  the mean, was 
calculated between 175 -  425 pm fo r each o f the profiles in Figure 7.3 and from  200 
-  475 pm fo r those in Figure 7.4 to find  I 22 fo r the uncured and cured samples, 
respectively. The procedure fo r processing these samples was then repeated using 
only the alternate echoes in  the data set. The mean signal intensity and standard 
deviation from  the mean fo r these profiles was calculated from  the same regions as 
above to find he fo r the two samples. Tip was calculated according to Equation 7.9 
fo r each profile  and plotted against inverse temperature. These are presented in  
Figure 7.5 w ith  the linear best fits  according to Equation 7.3. These fits  gave
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activation energies for thermal motion o f 0.34 ± 0.04 eV and 0.28 ± 0.05 eV fo r the 
uncured sample and the sample inadiated w ith  1500 mJcm'^  UVC, respectively.
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Figure 7.5; Natural logarithm of Tip calculated from GARField profile intensities for the 
samples of base resin with 5 wt% multifunctional acrylates and 1 wt% additional photoinitiator 
measured with increasing temperature. Corresponding profiles shown in Figure 7.3 and Figure 
7.4. Linear best fits through the data points yield the activation energy for thermal motion 
according to Equation 7.3: Ea = 0.34 ± 0.04 eV (R^=0.94) and 0.28 ±  0.05 eV (R^=0.79) for the 
uncured and cured sample, respectively.
W hilst a value fo r the activation energy o f thermal motion in  acrylic polymers such 
as these could not be found in  the literature, Deligoza et a l  (2005) and Bluestein et 
a l  (1999) report values o f 0.19 and 0.20 eV respectively in  crosslinked polyim ide 
systems. Furthermore, Todica et a l  (2000) calculated activation energies between 
0.18 and 0.30 eV fo r polybutadiene and polyisoprene polymers, which had room 
temperature T] times sim ilar to the samples measured in  this section. As a result, the 
values fo r the activation energy from  Figure 7.5 are thought to be reasonable.
7.4 Adhesives cured at 20°C and measured at 60°C
This section details an experiment where samples were cured and measured at 
approximately 20°C and then re-measured at 60°C. The measurements at 20°C are 
expected to produce the same results as those seen in  Chapters 4 and 5 and therefore 
provide an experimental control. The measurements at 60°C should indicate the 
effect temperature has on the contrast observed in  GARField profiles. The
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formulations measured were base resin w ith  5 wt% m ultifunctional acrylates and 
base resin w ith 5 wt% m ultifunctional acrylates and lw t%  additional photoinitiator. 
These were chosen as they produced the largest degree o f cure under irradiation.
7.4.1 Base resin with 5 wt% multifunctional acrylates
Eight samples o f base resin w ith  5 wt% m ultifunctional acrylate were constructed 
according to the method described in  Section 5.4.1. Each sample was then measured 
twice at 20°C on the GARField magnet prior to U V iiTadiation. The standard pulse 
sequence w ith 32 echoes, spaced 150 ps apart was used. As w ith  previous 
measurements, 256 data points were acquired at an interval o f 0.7 ps fo r every echo. 
2048 averages w ith a repetition time o f 350 ms were also used to record each profile 
to improve the signal to noise ratio. The two measurements were then averaged 
together to produce a single uncured profile  fo r each o f the eight samples.
The samples were then irradiated w ith  different doses generated from  a single 
exposure. The individual doses were 15, 30, 60, 150, 300, 600 and 1500 mJcm'^  and 
the coiTesponding samples were named B, C, D, E, F, G and H, respectively. Sample 
A  remained uncured. Follow ing irradiation the samples were allowed 10 minutes to 
cool down before being measured. Two further profiles were recorded at 20°C and 
again these two profiles were averaged together to produce a single measurement for 
each sample.
Due to the lai'ge variations in  sample thickness, visual comparison between profiles 
was very d ifficu lt. For this reason, the average signal intensity across the depth o f 
the profiles was calculated, together w ith  an uncertainty given by the standard 
deviation from  the mean. The contrast fo r each sample was calculated according to 
Expression 6.1. This method fo r compaiing samples should not pose a problem, 
since only the total degree o f cure is o f interest in  this experiment. The results fo r 
each o f these samples are shown in  Table 7.3.
Follow ing these measurements, the high temperature probe was switched on and 
allowed to stabilise at 60°C. Each o f the samples were then placed in  turn on the 
probe and heated fo r 10 minutes. Three measurements were then recorded using the 
m odified GARField pulse sequence described in  Section 7.3, w ith a repetition delay
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o f 1 second and 256 averages. A ll other parameters remained the same as the 
standard GARField pulse sequence. As w ith the 20°C measurements, the profiles 
were averaged together to yield a single profile  fo r each sample. The average signal 
intensity across the profile  depth was then calculated as per the 20°C measurements. 
As an uncured control measurement fo r each sample could not be recorded at 60°C, 
the contrast was calculated using the intensity o f sample A, which remained uncured. 
These results are presented in  Table 7.4.
Uncured profiles Irradiated profiles
measured at 20°C measured at 20°C
Sample
Dose
(mjcm'^)
Intensity 
(arb. units)
Dose
(mJcnT^)
Intensity 
(arb. units)
Contrast
(% )
A 0 1.01+0.01 0 1.01+0.01 0 + 2
B 0 1.05 ±0.02 15 1.07 ±0.02 -1 + 3
C 0 1.05 ±0.01 30 0.81+0.05 23 + 5
D 0 1.09 ±0.01 60 0.72 ±0.01 34+1
E 0 1.12 ±0.01 150 0.70 ±0.01 38 + 1
F 0 1.14 + 0.03 300 0.74 + 0.01 35 ± 2
G 0 1.15 ±0.02 600 0.74 + 0.01 36 ± 1
H 0 1.16±0.01 1500 0.74 + 0.01 36+1
Table 7.3; Average signal intensity across the depth of the profile for eight samples of base resin 
with 5 wt% multifunctional acrylates, measured uncured and following different UVC doses at 
20°C. Quoted uncertainties in intensity are standard deviations from the mean. The contrast 
for each sample was calculated according to Expression 6.1.
Irradiated profiles
measured at 60°C
Dose Intensity Contrast
Sample (mjcm'^) (arb. units) (% )*
A 0 5.89 + 0.00 ^ 0
B 15 5.96 ±0.01 -1
C 30 5.29 ±0.01 10
D 60 4.92 + 0.00 " 16
E 150 4.62 ± 0.00 ^ 22
F 300 5.09 + 0.00 14
G 600 4.65 ± 0.00 21
H 1500 4.73 + 0.00 20
Table 7.4; Average signal intensity across the depth of the profile for eight samples of base resin 
with 5 wt% multifunctional acrylates, measured at 60°C following irradiation at 20°C. Quoted 
uncertainties are standard deviations from the mean. The contrast for each sample was 
calculated according to Expression 6.1, using sample A as the uncured reference.  ^Standard 
deviation less than 0.005.  ^Uncertainties in contrast less than 0.5%.
The data shown in  Table 7.3 corresponds w ell to previous samples measured at 20°C.
The intensity variations seen in the uncured samples measured at 20°C are due to
fluctuations in  the ambient temperature o f tlie  laboratory during the period o f
measurement caused by the sporadic operation o f a refrigeration unit unrelated to
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these measurements. A  larger standard deviation in  the sample irradiated w ith 
30 mJcm'“ is also evident and is due to a non-uniform  depth o f cure, consistent w ith 
the profiles o f the same form ulation seen in  Chapters 5 and 6. Furthermore, a fina l 
contrast o f around 36% after 300 mJcm'^  is also in  good agreement w ith  the profiles 
shown in  Figure 5.2.
The profiles measured at 60°C and shown in  Table 7.4, have a much greater signal to 
noise ratio than those at 20°C and as a consequence, have a smaller standard 
deviations. The contrast seen in  the fu lly  cured samples is also less at 60°C. 
However, this contrast can not be determined w ith  the same certainty as the 
measurements in  Table 7.3 due to the absence o f individual contiols fo r each dose at 
60°C. The reduction in  contrast at 60°C is expected due to the molecular motion at 
elevated temperature being dominated by the heating. The change in  T2 due to 
crosslinking is small compared to the additional thermal motion and therefore the 
contrast seen in  GARField is reduced.
7.4.2 Base resin with 5 wt% multifunctional acrylate and 1 wt% 
additional photoinitiator
As w ith the previous experiment, eight samples o f base resin w ith  5 wt% 
m ultifunctional acrylate and 1 wt% additional photoinitiator were constmcted 
according to the method described in  Section 5.4.1. The measurement, irradiation 
regime and data processing methods fo r these samples were identical to that 
described in  Section 7.4.1. Again lai'ge variations in  sample thickness were seen so 
that the average signal intensity across the depth o f the profiles was calculated rather 
than plotting each o f the profiles. The results fo r each o f these samples aie shown in 
Table 7.5. The 60°C measurements fo r the samples o f this form ulation were also 
identical to that described in  Section 7.4.1. These results are shown in  Table 7.5.
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Uncured profiles 
measured at 20°C
Irradiated profiles 
measured at 20°C
Sample
Dose
(mjcm'^)
Intensity Dose Intensity Contrast
A 0 
B 0 
C 0 
D 0 
E 0 
F 0 
G 0 
H 0
1.I l  ±0.01 
1.15 + 0.02 
1.16±0.01 
1.18 ±0.02
1.19 ±0.01 
1.18 + 0.02
1.20 + 0.01 
1.21 ±0.01
0
15
30
60
150
300
600
1500
1.11 ±0.01 0 ±  1 
0.77 ± 0.03 30 ±3  
0.75 + 0.02 35 ± 2  
0.74 ± 0.02 38 ± 2  
0.75 ±0.01 37 ±1  
0.72 ±0.02 39 ± 2  
0.72 + 0.02 40 ± 1 
0.72 ±0.02 41 ±1
Table 7.5: Average signal intensity across the depth of the profile for eight samples of base resin
with 5 wt% multifunctional acrylates and 1 wt% additional photoinitiator, measured uncured
and following different UVC doses at 20°C Quoted uncertainties in intensity are standard
deviations from the mean. The contrast for each sample was calculated according to Expression
6.1.
Irradiated profiles
measured at 60“C
Dose Intensity Contrast
Sample (mjcm'^) (arb. units) (% )
A 0 6.09 + 0.08 0 ±  1
B 15 5.18 + 0.08 15 ± 1
C 30 5.13 ±0.04 16± 1
D 60 4.84 ± 0.06 21 ± 1
E 150 4.99 ±0.11 18±2
F 300 4.70 ± 0.06 23 ± 1
G 600 4.76 ± 0.06 22 ± 1
H 1500 4.67 ±0.08 23 ± 1
Table 7.6: Average signal intensity across the depth of the profile for eight samples of base resin 
with 5 wt% multifunctional acrylates and 1 wt% additional photoinitiator, measured at 60°C 
following irradiation at 20°C. Quoted uncertainties are standard deviations from the mean. 
The contrast for each sample was calculated according to Expression 6.1, using sample A as the 
uncured reference.
The data recorded at 20°C is again consistent w ith profiles o f the same form ulation 
shown in  Chapter 5. Table 7.5 shows that the sample was fu lly  cured after 30 to 60 
raJcm'^  UVC and is therefore in  good agreement w ith Figure 5.7. As w ith the 
sample o f base resin w ith 5 wt% m ultifunctional acrylates, the contrast seen at 60°C 
is also less in  comparison to the measurements at 20°C. This further shows that 
GARField measurements made at elevated temperatures are less inform ative on the 
degree o f cure w ith in the adhesive due to the dominance o f the thennally generated 
molecular motion.
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7.5 Adhesives cured at 60°C and measured at 60°C
W hilst Section 7.4 showed that differences in  the signal intensity and contrast 
between cured and uncured samples measured at 20°C and 60°C existed, further 
investigation is required to understand the effects o f curing at higher temperatures. 
To this end, three formulations; base resin w ith  5 wt% m ultifunctional acrylates, base 
resin w ith  5 wt% m ultifunctional acrylates and 1 wt% additional photoinitiators and 
the fu ll form ulation UV4200 were cured and measured at 60°C.
For each o f the formulations, the method o f constructing samples, heating, measuring 
and processing the recorded profiles remained identical. M inor differences in  the 
curing regimes occuned fo r the different formulations and are highlighted where 
applicable.
Eight samples o f each form ulation were constructed according to the method 
described in  Section 5.4.1 and were labelled A  to H fo r identification. Each sample 
was measured on tlie  GARField magnet tw ice at 20°C prior to U V  iiTadiation to 
provide experimental controls. The pulse sequence and experimental parameters 
remained identical to those in  Section 7.4.1. The high temperature probe was then 
switched on and allowed to stabilise at 60°C. The samples were then placed in turn 
onto the probe and heated fo r 10 minutes. Two measurements were then recorded 
using the modified pulse sequence described in  Section 7.3, w ith  256 averages and a 
repetition delay o f 1 second. A ll other parameters remained the same as the standard 
GARField pulse sequence.
Immediately after these measurements, the samples were irradiated at 60°C w ith  a 
single U V  exposure producing doses o f 30, 60, 150, 300, 600 and 1500 mJcm'^  UVC 
fo r samples C, D, E, F, G and H respectively. Sample A  and B remained uncured in 
the base resin w ith  5 wt% m ultifunctional acrylates and fu ll UV4200 formulations. 
For the base resin w ith 5 wt% m ultifunctional acrylates and 1 wt% additional 
photoinitiator formulation, sample B was iiTadiated w ith 15 mJcm’  ^UVC.
Follow ing irradiation, each sample was le ft on the high temperature probe fo r 
10 minutes before being measured a further two times. The samples were then
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removed and the probe was allowed to cool down to ambient temperature. F inally 
two further measurements o f each sample were recorded at 20°C. The two profiles 
fo r each measurement were averaged together to produce a single profile. This 
experiment therefore produced a set o f uncured experimental controls and a set o f 
cured measurements at 60°C and 20°C.
As different samples that varied in  thickness were used, visual comparison between 
profiles was again very d ifficu lt. The mean signal intensity across the depth o f the 
profiles was therefore calculated, together w ith  an uncertainty given by the standard 
deviation from  the mean fo r each sample in  the same manner as Section 7.3. A  
contrast fo r each sample was calculated according to Expression 6.1. The data from  
this experiment fo r each o f tlie formulations is presented in  Table 7.7, Table 7.9 and 
Table 7.11 fo r the samples o f base resin w ith 5 wt% m ultifunctional acrylates, base 
resin w ith 5 wt% m ultifunctional acrylates and 1 wt% photoinitiator and fu ll 
form ulation UV4200, respectively. The corresponding profiles are provided in 
Appendix B. Shown w ith  these results are the mean signal intensities across the 
depths o f the profiles fo r the corresponding formulations discussed in  Chapter 5. 
These are presented in  Table 7.7, Table 7.9 and Table 7.11 fo r the profiles in  Figure 
5.6, Figure 5.7 and Figure 5.9 respectively and are included to sim plify comparison.
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Uncured profiles 
measured at 20°C
Irradiated profiles 
measured at 20° C
Sample
Dose
(mjcm'^)
Intensity 
(arb. units)
Dose
(mjcm’ )^
Intensity 
(arb. units)
Contrast
(% )
B 0 1.14 + 0.02 0 1.14 ±0.03 0 + 3
C 0 1.16 ±0.01 30 0.80 + 0.01 31 + 1
D 0 1.15 ±0.01 60 0.75 ± 0.02 35 ± 2
E 0 1.15+0.01 150 0.76 ±0.01 34+1
F 0 1.16 + 0.01 300 0.74 ±0.01 36+1
G 0 1.18 + 0.01 600 0.72 ±0.01 39+1
H 0 1.17 ±0.01 1500 0.71 ±0.01 39 + 1
Uncured profiles Irradiated profiles
measured at 60°C measured at 60°C
Dose Intensity Dose Intensity Contrast
Sample (mjcm"^) (arb. units) (mjcm'^) (arb. units) (%)
B 0 6.14 ±0.07 0 - -
C 0 6.13 ±0.10 30 5.06 ±0.10 18±2
D 0 6.23 ± 0.06 60 4.89 ± 0.07 22 ± 1
E 0 6.31+0.08 150 4.93 + 0.06 22 + 1
F 0 6.27 ±0.12 300 4.87 + 0.07 22 + 2
G 0 6.33 ±0.08 600 4.78 ± 0.06 24+1
H 0 6.41 ±0.07 1500 4.81 ±0.05 2 5+1
Table 7.7: Average signal intensity across the depth of the profile for seven samples of base resin 
with 5 wt% multifunctional acrylates measured uncured at 20°C, uncured at 60°C, following 
UV irradiation at 60°C and finally once the samples had cooled down to 20°C. Quoted 
uncertainties in intensity are standard deviations from the mean. Sample A was destroyed 
during the experiment and is therefore absent from these results.
Dose
(mJcnT^)
Intensity 
(arb. units)
Contrast
(% )
0 1.01 ±0.03 0 ± 4
10 1.00 ±0.03 1 ± 4
20 0.92 + 0.09 9 + 9
50 0.88 + 0.15 13 + 15
95 0.77 + 0.16 23 + 16
110 0.77 ±0.15 24± 15
200 0.62 + 0.03 39 ±3
250 0.60 + 0.02 4 1+ 3
Table 7.8: Average signal intensity across the depth of the profiles for a single sample of base 
resin with 5 wt% multifunctional acrylates presented in Figure 5.6. Quoted uncertainties are 
standard deviations from the mean. Contrast calculated from Expression 6.1 using uncured 
measurement as reference.
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Uncured profiles 
measured at 20°C
Irradiated profiles 
measured at 20°C
Sample
Dose
(mjcm‘ )^
Intensity 
(arb. units)
Dose
(mJcnT^)
Intensity 
(arb. units)
Contrast
(% )
A 0 1.11 ±0.02 0 1.09 ±0.01 2 ± 3
B 0 1.13 + 0.02 15 0.74 ±0.01 35 ± 3
C 0 1.12 + 0.01 30 0.72 ±0.01 36 ± 1
D 0 1.12 + 0.01 60 0.71 ±0.00 37 ± 2
E 0 1.11+0.01 150 0.69 ±0.01 38 ± 1
F 0 1.12 + 0.01 300 0.71 ±0.01 37 ± 1
G 0 1.13 + 0.01 600 0.68 ±0.01 40 ± 1
H 0 1.13 + 0.01 1500 0.69 ±0.01 40 ± 1
Uncured profiles Irradiated profiles
measured at 60°C measured at 60°C
Dose Intensity Dose Intensity Contrast
Sample (mjcm^) (arb. units) (mJcnT^) (arb. units) (%)
A 0 5.75 + 0.08 0 - -
B 0 6.03 + 0.08 15 4.83 ±0.05 20 ± 1
C 0 6.03 + 0.07 30 4.62 ± 0.05 23 ± 1
D 0 6.01 ±0.05 60 4.48 ± 0.03 25 ± 1
E 0 6.01 ±0.05 150 4.51 ±0.04 25 ± 1
F 0 6.15 ±0.04 300 4.52 ± 0.04 27 ± 1
G 0 6.15 ±0.07 600 4.57 ± 0.05 26 ± 1
H 0 6.24 ± 0.04 1500 4.58 ± 0.04 27 ± 1
Table 7.9: Average signal intensity across the depth of the profile for eight samples of base resin 
with 5 wt% multifunctional acrylate and 1 wt% additional photoinitiator measured uncured at 
20°C, uncured at 60°C, following UV irradiation at 60°C and finally once the samples had 
cooled down to 20°C. Quoted uncertainties in intensity are standard deviations from the mean.
Dose
(mjcm'^)
Intensity 
(arb. units)
Contrast
(% )
0 1.00 ±0.01 0 ± 3
5 0.85 ±0.04 16± 10
10 0.80 ±0.03 20 ± 8
20 0.75 ± 0.02 25 ± 6
50 0.68 ±0.01 32 ± 2
100 0.66 ± 0.02 34 ± 2
200 0.67 ± 0.02 34 ± 2
Table 7.10: Average signal intensity across the depth of the profiles for a single sample of base 
resin with 5 wt% multifunctional acrylates and 1 wt% additional photoinitiator presented in 
Figure 5.7. Quoted uncertainties are standard deviations from the mean. Contrast calculated 
from Expression 6.1 using uncured measurement as reference.
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Uncured profiles 
measured at 20°C
Irradiated profiles 
measured at 20°C
Sample
Dose
(mjcm^)
Intensity 
(arb. units)
Dose
(mjcin^)
Intensity 
(arb. units)
Contrast
(% )
A 0 0.36 + 0.01 0 0.35 ± 0.00 2 ± 3
B 0 0.37 ±0.01 0 0.37 ±0.01 -2 ± 2
C 0 0.36 ±0.01 30 0.29 ±0.01 18±2
D 0 0.35 ±0.01 60 0.28 ± 0.00 20 ± 2
E 0 0.36 ±0.01 150 0.28 ±0.01 21 ± 3
F 0 0.35 ±0.01 300 0.27 ± 0.00 23 ± 2
G 0 0.36 ±0.01 600 0.28 ±0.01 24 ± 2
H 0 0.35 ±0.01 1500 0.26 ± 0.00 25 ± 2
Uncured profiles Irradiated profiles
measured at 60°C measured at 60°C
Dose Intensity Dose Intensity Contrast
Sample (mjcm'^) (arb. units) (injcm'^) (arb. units) (% )
A 0 1.87 ±0.03 0 - -
B 0 1.89 ±0.03 0 - -
C 0 1.90 ±0.04 30 1.65 ±0.03 13± 2
D 0 1.95 ±0.04 60 1.62 ±0.03 17 ± 2
E 0 1.93 ±0.04 150 1.58 ±0.04 19±3
F 0 1.96 ±0.04 300 1.58 ±0.02 20 ± 2
G 0 1.98 ±0.04 600 1.58 ±0.02 21 ± 2
H 0 1.97 ± 0.05 1500 1.53 ±0.04 23 ±3
Table 7.11: Average signal intensity across the depth of the profile for eight samples of full 
formulation UV4200 measured uncured at 20°C, uncured at 60°C, following UV irradiation at 
60°C and finally once the samples had cooled down to 20°C. Quoted uncertainties in intensity 
are standard deviations from the mean.
Dose
(mjcm^)
Intensity 
(arb. units)
Contrast
(%)
0 0.36 ±0.01 0 ± 3
10 0.35 ±0.02 3 ± 5
25 0.31 ±0.02 14 + 5
50 0.30 ±0.01 17 ±3
100 0.30 ±0.01 16±3
200 0.29 ±0.01 18±2
500 0.28 ± 0.00 23 ± 2
Table 7.12: Average signal intensity across the depth of the profiles for a single sample of full 
formulation UV4200 presented in Figure 5.9. Quoted uncertainties are standard deviations 
from the mean. Contrast calculated from Expression 6.1 using uncured measurement as 
reference.
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Variations in the signal intensity o f the uncured sample o f base resin w ith 5 wt% 
m ultifunctional acrylates measured at 20°C and shown in  Table 7.7 is thought to be 
due to fluctuations in  the ambient temperature o f the laboratory during the period o f 
measurement. Again this was due to the sporadic use o f a refrigeration unit. Sample 
A  fo r this form ulation was destroyed during the experiment and is consequently 
missing from  this table. Notable variations in  the signal intensities fo r each o f the 
samples measured uncured at 60°C are w ith in  the values expected due to 
instrumental d rift at elevated temperature.
As w ith  previous measurements, fo r each o f the formulations tlie contrast between 
uncured and cured samples is seen to be less at 60°C than at 20°C. However, 
comparing the contrast as a function o f dose fo r the samples cured at 60°C w ith  those 
cured at 20°C indicates that each o f the formulations cure w ith a lower dose when 
irradiated at 60°C. U V  irradiation is therefore more efficient at creating crosslinks at 
60°C. Furthermore, the standard deviations and profiles in  Appendix B show that a 
uniform  depth o f cure is also obtainable w ith  lower doses when irradiation occurs at 
60°C.
Andrzejewska (2001) and Scherzer et a l  (2002) report that the benzophenone 
conversion rate increases w ith  temperature and conclude that increasing the m obility 
o f the reactive groups allows the photoinitiated free radicals to diffuse through the 
polymer more easily. As a result the photoinitiators would be more like ly  to 
encounter a H-donor molecule and in itiate crosslinking than decay back to their 
original state w ithout interacting.
It has been suggested that oxygen diffusion also increases w ith  m obility [Decker and 
Decker, 1997] and would therefore reduce the number o f photoinitiator species 
initiated per unit dose at 60°C. However, since such a marked increase in  the degree 
o f cure is seen when iiTadiation occurs at temperature it  may be concluded that any 
increase in  oxygen diffusion is far outweighed by the increase in  the efficiency o f 
form ing crosslinks.
To further highlight this point, a single sample o f base resin w ith  5 wt% 
m ultifunctional acrylates and 1 wt% additional photoinitiators was created. This
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sample was constructed by adhering three 15x15 mm squares which had been cut 
from  the large adhesive sheets supplied by NSC, to an 18x18 mm glass coverslip. 
This provided a single sample w ith an approximate thickness o f 600 pm -  purposely 
thicker than previous samples to highlight any increase in  depth o f cure. The sample 
was then placed on the high temperature probe and heated at 60°C fo r ten minutes. 
Two profiles o f the uncured sample were then recorded using the m odified pulse 
sequence described in  Section 7.3 and averaged together after they were processed 
using the standard methods. The sample was then iiTadiated w ith small doses o f U V 
such that the total UVC dose was 3, 6, 12, 24 and 48 mJcm'^ . Follow ing each 
exposure, the sample was le ft fo r 5 minutes to counter any additional heating from  
the U V lamp, after which a single profile  was recorded. The profiles were all 
processed in  the same way; normalising firs t to a piece o f uniform  rubber and then to 
the shape o f the uncured profile. These measurements are shown in  Figure 7.6.
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Figure 7.6: GARField profiles of a single sample of base resin with 5 wt% multifunctional 
acrylates and 1 wt% additional photoinitiators, approximately 600pm in thickness, measured 
uncured and after small doses of UVC at 60°C. Quoted doses are estimated UVC doses. The 
spatial resolution is 16pm.
Comparing the profiles o f the same form ulation measured at 20°C and given in 
Figure 5.7 w ith the profiles shown in  Figure 7.6, it  can be seen that the adhesive 
layer cures after a lower UVC dose when irradiated at 60°C. A  UVC dose o f 
3 mJcm'^  at 60°C produces a sim ilar degree o f cure as a 10 mJcm'^  dose at 20°C, 
despite the adhesive layer being 50% thicker. This further supports the observations
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that free radical induced crosslinking is more efficient at elevated temperature. In 
addition, the profiles in  Figure 7.6 show no signs o f oxygen inhib ition suggested by 
Decker and Decker (1997). It is therefore believed that, any reduction in  the number 
o f free radicals caused by oxygen quenching is strongly countered by the increased 
diffusion o f the radical species. This results in  no noticeable effects in  measurements 
using GARField magnetic resonance.
7.6 Conclusions
The longitudinal and transverse relaxation times o f samples cured at 80°C but 
measured at 20°C, were found to be almost identical to those measured and cured at 
20°C presented in  Chapter 5. These results therefore, do not provide a wealth o f new 
inform ation regarding the effects o f curing at high temperature. The results do 
however show that once a sample is allowed to return to ambient temperature the 
physical properties, inferred through NM R measured relaxation parameters, are as 
they would be i f  the sample had not been heated. Furthermore, heating was not seen 
to produce any degradation o f the polymer.
The intensity o f the signals recorded on GARField are highly sensitive to molecular 
motion and therefore show high variation w ith  temperature. Profiles o f uncured 
base resin w ith  5 wt% m ultifunctional acrylates and 1 wt% additional photoinitiator, 
measured at 60°C, were seen to have an intensity approximately six times greater 
than at 20°C. The activation energy fo r the thermal motion w ith in  the base resin 
w ith 5 wt% m ultifunctional acrylate and 1 wt% additional photoinitiator was 
calculated to be 0.34 ± 0.04 eV and 0.28 ± 0.05 eV fo r an uncured sample and one 
irradiated w ith 1500 mJcm'^  UVC, respectively.
The contrast seen between uncured and cured samples was observed to reduce at 
higher temperatures. This was attributed to the increase in molecular motion caused 
by sample heating dominating the GARField measurement. It was noted that this 
effect was such that a reduction in molecular m obility due to the form ation o f a 
crosslinked network did not alter the GARField signal by such a degree.
U V irradiation at 60°C was also shown to be more efficient at curing the adhesive. 
This was explained by the fact that increasing the m obility o f the photoinitiated free
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radicals allowed them to diffuse through the polymer more easily. As a result the 
free radicals would be more like ly  to encounter a H-donor molecule and in itiate 
crosslinking than decay back to their original state w ithout interacting. Any increase 
in  oxygen diffusion into the heated adhesive, as suggested by Decker and Decker 
(1997) was not measurable on GARField due to the high efficiency o f the U V curing.
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Chapter 8
Development of a numerical 
model
8.1 Introduction
This chapter details the development o f a numerical model which was used to assist 
in  the interpretation o f results discussed in  Chapters 5 and 6. The aim o f the model 
was to address some o f the features observed in  the GARField measurements; for 
example the non-uniform depth o f cure, the greater crosslink density w ith  increased 
concentration o f m ultifunctional acrylate and the effects o f oxygen inhib ition. In 
addition, the development o f a successful model can be used to predict cure as a 
function o f depth fo r m ultifunctional acrylate concentrations not supplied by 
National Starch and Chemical. The model was written using Interactive Data 
Language (ID L) and the fu ll code is included in  Appendix C.
A  detailed kinetic model, such as those developed by Butte, et al. (1999), Okay 
(2000), Gretton-Watson, et al. (2006) and Vechot, et al. (2006) is required to fu lly  
simulate the complex free radical polymerisation mechanisms which occur w ith in 
this experimental system. However, such a model was deemed beyond the scope o f 
this study and consequently, a sim plified method has been developed. Here, the
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model calculates the absolute concentrations o f in itia l, intermediate and product 
species, which arise as a result o f the different reaction pathways. Due to the 
complex nature o f the system, it  was decided to model the base resin w ith 
m ultifunctional acrylates form ulation only.
The fo llow ing sections o f this chapter introduce the methodology behind the model. 
Flow diagrams are used to illustrate the different reaction pathways which are 
thought to occur. The nomenclature, reaction equations and rate constants are also 
presented. The key components o f the model are discussed individually before being 
brought together to validate and sensitivity test the model. F inally, the outputs from  
a number o f simulations are presented and discussed w ith  reference to the 
experimental results shown in  Chapters 5 and 6.
8.2 Scope of model
As discussed in Section 8.1, only the base resin w ith m ultifunctional acrylate 
form ulation was modelled. Consequently, the only species capable o f in itia ting 
polymerisation is the benzophenone bound onto the acrylic backbone. This process 
is detailed in  Section 2.2.1 and b rie fly  summarised here. U V  irradiation excites the 
carbonyl group in  the benzophenone producing both a carbon and oxygen radical: 
benzophenone in  the trip le t state. A  hydrogen atom may then be abstracted from  the 
backbone or side chain o f the polyacrylate polymer creating a benzophenone ketyl 
radical and a carbon centred radical on the polymer. One possible reaction route is 
fo r these two radicals to jo in  together, thus creating a crosslink between the chain 
containing the benzophenone and the chain from  where the hydrogen was abstracted. 
This route is shown in  Figure 2.3.
There aie however, a number o f other possible interactions fo r the initiated 
benzophenone: (i) the trip le t state may be quenched by molecular oxygen w ith in  the 
polymer, (ii) the trip le t state benzophenone may polymerise w ith a m ultifunctional 
acrylate and/or ( iii)  the activated benzophenone may combine w ith  a second 
activated benzophenone w ith in  the system. In  addition, the intermediate species 
produced fo llow ing hydrogen abstraction may also react in  different ways, w ith 
either the benzophenone ketyl radical polymerising w ith a m ultifunctional acrylate or
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combining w ith a second benzophenone ketyl radical. The carbon-centied polymer 
radical may also either polymerise w ith a m ultifunctional acrylate or combine w ith a 
second carbon-centred polymer radical.
To model these interactions and account fo r the in itia l, intermediate and fina l 
reaction products, a number o f different species were defined. As the only species 
capable o f photoinitiation is benzophenone, the reaction must start w ith the 
combination o f a U V photon and a benzophenone molecule. The H-donor molecule 
in  the context o f this model is defined as a length o f acrylate polymer w ith  a single H 
site available fo r abstraction. W hilst the m ultifunctional acrylate contains a number 
o f acrylate molecules joined together, it  is defined as a single acrylate w ith in tlie  
framework o f the model. The fina l in itia l species w ith in  the system is the molecular 
oxygen which is diffused w ith in  the polymer. Each o f these species aie considered 
to be separate, w ith the benzophenone and polymer H site being part o f individual 
chains and the molecular' oxygen and m ultifunctional acrylate being separate, 
unbound species. A  crosslink between two chains can therefore only occur w ith the 
m inimum involvement o f two benzophenone molecules, two H-abstracted polymer 
sites or a combination o f the two.
8.3 Reaction diagrams
8.3.1 Nomenclature
The firs t stage o f model development was to construct a flow  diagram o f the possible 
reaction pathways. Table 8.1 details the nomenclature used to sim plify these 
diagrams. Figure 8.1 presents an example o f the complex number o f reaction 
pathways fo llow ing the photoinitiation o f benzophenone in  a typical form ulation o f 
base resin w ith  m ultifunctional acrylates. In itia l species are shown in  solid boxes, 
intermediate species (free-radicals) are shown in  boxes w ith broken lines and final, 
crosslinked species are shown w ith solid bold lines. The unshaded routes enclosed by 
a broken red line represent the sim plified routes discussed in  Section 8.3.2.
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Molecule schematic Symbol Description
c =  o
■c—o*
B - Benzophenone photoinitiator.
By - Benzophenone in tiip let state.
C —  H p - Hydrogen donor site on polymer backbone / side chain.
P - Carbon centred radical on polymer backbone / side 
chain.
•C — OH Bh - Benzophenone ketyl radical.
H o
I IC === C —  C —  R I I
H H
M - Multifunctional acrylate.
C —  OH
R
IH 0 “=* O
C ---- C —  C ----  C — OH
 ^ i  H
nXL - Grafted crosslink between (n) chains.
nXL " Crosslink between (n) chains, incorporating 
multifunctional acrylate.
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Molecule schematic Symbol Description
H C =  0
I I
C —  c — c*
\  I '^  H H
H C =  0
I I ■o — c — c —c*
H H
H C =  0
HO —  C —  C —  C* 
H H
0 9•C—  O —  C —  O'9 9\ A / \ / \
•c —  O —  0  —  c
9<■o — C —  C — O'ÔÔ
HO— c —  c — OH
ô y
0 = 0
(OxygeiiJ
RMn - Carbon centred radical on (n) multifunctional acrylates joined to polymer backbone / side chain.
g lyj “ Benzophenone in triplet state and (n)
 ^ " multifunctional acrylates. Two radicals.
BhMh
BBT1
BBT2
BBT3
- Benzophenone ketyl radical and (n) multifunctional 
acrylates.
- Two benzophenone molecules in triplet state joined 
with C-0 bond.
- Two benzophenone molecules in triplet state joined 
with 0-0  bond.
- Two benzophenone molecules in triplet state joined 
with C-C bond.
Pin - Benzophenone pinacol
O2 - Molecular oxygen within sample.
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Molecule schematic Symbol Description
n  r i i
•C  —  O —  C —  OH
Ô
R
C —  O C — OH•0  —
I I
H H
H C == O
I I•c—c ----- c — O — C—O'
Ô
R
Ic —
c — o•c — o
I I
H H
I
H C-O
I I•c— o — c — c*
I I 
H H
P0
" " p  p\/\//\/\
H — C — OH
BBh
BBhM
BBtM1
BBtM2
- Benzophenone and benzophenone ketyl radical. One 
radical.
- Benzophenone, benzophenone ketyl radical and 
multifunctional acrylate. One radical.
-Two benzophenone molecules and a single 
multifunctional acrylate in configuration 1. Two 
radicals.
- Two benzophenone molecules and a single 
multifunctional acrylate in configuration 2. Two 
radicals.
BBMM "Two benzophenone molecules and two 
multifunctional acrylates. Two radicals.
- Disproportionation reaction with benzophenone 
Bd ketyl radical abstracting second H from donor 
molecule. Terminated species.
- Dead polymer site produced by disproportionation 
reaction. Terminated species.
Table 8.1: Nomenclature used in the reaction model diagrams.
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8.3.2 Modelled reaction pathways
Figure 8.1 shows the complexity o f a system w ith only four in itia l species: B, P, M  
and O2. The broken arrows represent a continuation o f each o f the pathways leading 
to an open ended flow  diagram. In  order to model such a system, it  was necessary to 
inti'oduce a level o f sim plification by creating a set o f assumptions. The result o f 
these sim plifications is shown by the unshaded pathways enclosed w ith  a red dashed 
line in  Figure 8.1.
The firs t assumption was that the trip le t state benzophenone does not react directly 
w ith a m ultifunctional acrylate; therefore it  is either quenched by oxygen or H- 
abstracts from  the polymer. Oxygen quenching o f the trip le t state is a w ell 
documented process [Decker and Decker, 1997; Andrzejewska, 2001; Studer et a l,  
2003a] and the much greater concentration o f polymer H-sites makes H-abstraction 
more like ly.
The second assumption is that only one m ultifunctional acrylate may be polymerised 
before the reaction terminates. This assumption is deemed valid since the 
concentration o f m ultifunctional acrylates is typically less than 10 wt% and as the 
polymerisation reaction propagates, the greater number o f potential polymer sites 
makes combination w ith the polymer more probable. As the concentration o f 
m ultifunctional acrylates increases this argument is expected to become less valid.
Further sim plification o f the reaction routes is also possible by noting that a 
benzophenone ketyl radical combined w ith  either a second benzophenone ketyl 
radical or a carbon-centred polymer radical, both produce a sim ilar, two chain 
crosslink. The latter combination is more probable due to the higher concentration o f 
H-sites on the polymer. This is also ti'ue when a m ultifunctional acrylate is 
incorporated into the crosslink. As a consequence, the possible pathways may be 
reduced to (i) the combination o f a benzophenone ketyl radical and caibon-centred 
polymer radical to form  a crosslink (X L) and (ii) the combination o f a benzophenone 
ketyl radical, a carbon-centred polymer radical and a m ultifunctional acrylate to form  
a crosslink (XLm).
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W hilst the combination o f two trip le t state benzophenone molecules is unlike ly due 
to steric hindrance, it  was decided to include this possible reaction route in  the 
model. The reason behind this decision was that it  would retain a low probability 
pathway in  the model and therefore help validate the assumption that polymerisation 
would not incorporate more than one m ultifunctional acrylate. The potential number 
o f reaction routes produced from  the combination o f two in itiated benzophenone 
molecules is considerably less than i f  m ultiple m ultifunctional acrylates are allowed 
to jo in  together. Subsequently, modelling this pathway is much more attainable.
The reaction diagram in  Figure 8.1 shows that the only radical term ination process 
ai'ises from  the combination o f two separate radicals on different polymer chains to 
form  a crosslink. However, a competing term ination process in  methyl methacrylate 
systems is disproportionation, as discussed in  Section 2.2.4. Disproportionation may 
occur in  the modelled system w ith the benzophenone ketyl radical abstracting a 
second hydrogen from  the polymer chain adjacent to a caibon-centred radical to form  
an unsaturated group on the polymer chain and two dead polymer chains. These 
dead chain ends are assumed to no longer be able to take part in  further reactions.
To cla rify the description o f the above reactions, those which are produced from  the 
in itia tion o f one benzophenone are termed firs t order reactions w hilst those that are 
produced from  the in itia tion and combination o f two benzophenone molecules are 
termed second order reactions. A  summary o f the free radical polymerisation 
reactions described in  this section and used in  the model are detailed below. The 
processes fo llow  the three basic steps to polymerisation; in itia tion, propagation and 
termination.
Initiation
- The in itia tion step occurs w ith  the photoinitiation o f a benzophenone 
molecule in  the ground-state by a U V  photon.
Two benzophenone molecules may be initiated by two separate U V  photons. 
The two trip le t state benzophenone molecules can then jo in  together in three 
different configurations.
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Propagation
- The trip le t state benzophenone molecule can H-abstract from  a suitable site 
on the polymer creating a benzophenone ketyl radical and a carbon-centred 
polymer radical.
The benzophenone ketyl radical and the carbon-centred polymer radical may 
polymerise w ith  a m ultifunctional aciylate.
Termination
The trip le t state benzophenone molecule may be quenched by molecular 
oxygen diffused throughout the polymer.
- Disproportionation may occur between a benzophenone ketyl radical and a 
polymer radical resulting in  an unsaturated group on the polymer and two 
dead polymer chains.
- A  benzophenone ketyl radical and a polymer radical may jo in  together to 
form  a crosslink. This process is known as grafting.
A  benzophenone ketyl radical, a polymer radical and a m ultifunctional 
acrylate may jo in  together to form  a crosslink.
- Two trip le state benzophenone molecules joined together w ith a C-C covalent 
bond (configuration 3) may H-abstract from  two suitable polymer sites to 
form  a benzophenone pinacol and two carbon-centred polymer radicals.
These reaction processes aie shown diagrammatically in  Figure 8.2, In addition, 
Figure 8.3, Figure 8.4, and Figure 8.5 focus on the firs t and second order reactions 
and include tlie ir associated reaction rate constants. A  more detailed version o f 
Figure 8.2 showing molecular schematics is presented in  Appendix D. The 
combination o f two trip le t state benzophenone molecules joined through an 0 -0  
covalent bond (configuration 2) is shown in  Figure 8.2 as a two way process. This is 
because the weak 0 -0  bond is expected to be unstable, resulting in  the molecule 
scissioning before is can react w ith additional species [Hamerton, 2007].
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8.4 Reaction equations
This section details the reaction rate equations used in the model to calculate the 
molar concentration o f different species in  Figure 8.2. The reaction rate constants 
depicted in  Figure 8.3, Figure 8.4 and Figure 8.5 are described in Table 8.2.
Rate constant Description__________________________________________________________
Photoinitiation.
Combination of two separate benzophenone molecules in triplet state.
^pi Combination of two separate benzophenone molecules in triplet state to form
configuration 1.
k^2  Combination and spontaneous division of two separate benzophenone molecules
in triplet state to form configuration 2.
P^3 Combination of two sepai'ate benzophenone molecules in triplet state to form
configuration 3 .
ky Quenching by moleculai* oxygen within the sample.
6^] H-abstraction by benzophenone molecule in triplet state.
ks2 H-absti'action by two benzophenone molecules joined in configuration 1.
A:53 H-abstraction by two benzophenone molecules in any configuration already
joined to a multifunctional acrylate. 
ks4 H-abstraction by two benzophenone molecules in configuration 3 to form a
benzophenone pinacol molecule. 
ke. Combination of benzophenone ketyl radical, carbon centred radical on polymer
backbone / side chain and multifiinctional acrylate to form a crosslink between 
two individual chains,
^^,,1 Combination of benzophenone ketyl radical and carbon centred radical on
polymer backbone / side chain to form a crosslink between two individual chains. '
,^,2 Combination of benzophenone -  benzophenone ketyl radical and carbon centred
radical on polymer backbone / side chain to form a crosslink between three ;
individual chains. !
kx Combination of two benzophenone molecules with multifunctional acrylate. j
k x \ Combination of two benzophenone molecules with multifunctional acrylate in ;
configuration 1. j
kx2  Combination of two benzophenone molecules with multifunctional acrylate in !
configuration 2. !
Combination of two benzophenone molecules with two multifunctional acrylates.
ÀT01 Combination of benzophenone -  benzophenone ketyl radical, multifunctional
acrylate and carbon centred radical on polymer backbone / side chain to form a !
crosslink between three individual chains. I
ÂT02 Combination of two benzophenone molecules, multifunctional acrylate and two
cai'bon centred radicals on polymer backbone / side chain to form a crosslink
between four individual chains. j
kQ2 Combination of two benzophenone molecules, two multifunctional acrylates and I
two carbon centred radicals on polymer backbone / side chain to form a çrosslink |
between four individual chains. j
kdis Disproportionation reaction resulting in terminated benzophenone molecule and j
_________________dead polymer site.________________________________________________________  i
Table 8.2; Description of reaction rate constants.
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The model uses differential equations to calculate changes in  the molar concentration 
o f each species as a function o f time. For the purpose o f the model, a U V photon is 
termed /. The fu ll lis t o f d ifferential equations is presented below.
%  = - k J B - k f I ^ B ^  + k^B^O^ (8.1)
dt
dB^ = + k J B -k ^B ^O ^-k s ,B ^P  + k^J^B^  (8.2)
dt
IF  -  A:; l.W -  " (8.3)
dt
(8.4)
dt
dBBy,j =+k^,I^B^~k,ABBy.,]P^ -kJB B ^.JM ^  (8.5)
dt
dO^ --k y B jO ^  (8.6)
dt
“  Kis^H^ ~ ^  ~ k^Bf^RM (8.7)
dt
^  = -k „B ^ P -k „[B B ^ J P -k j„ lB B j.M l]P -k ^ ^ [B B ^ ^ ']P ^ -k s :,[B B ^ M l]P  (8.8)
dt
M  = + k ,,B ^ P -k ,„B „R -k ^ ,B „R -k ^ B „R M  + k ,^ [B B ^,]P -k^JB B „]R ... (8.9)
. , .  + kg^[BB,,M l]P-k0^[BBM]R-k0^[BBy,M2]R^-kff^[BBMMliR^,..
... + kg^[BBy^]P^ + kg,[BBj.M UP -  -  k^ABBMMWA
9M = -k ^B „R M  ~k;^\BByU M -k^[BB^,]M ^ - k J M r 3 W - k A M r 3 W ^ ^  (8.10)
dt
^BB^ = + k ,,[B B ^ ,]P -k ^ ,[B B ^ ]R  (8.11)
dt
dBBy.Ml =+kj^^[BBy,JM ~k^,[BBy.M l]P + k;^,[BB^,]M (8.12)
dt
dB B ^M l =+ /c;i2 [55y,]M -/c^2 [55^M 2]/? ' (8.13)
dt
dBBM ^P kg^ iB B ^M lW -kg .iB B ^M IR  (8.14)
dt
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dBBMM (8T5)
dt
dPin (8.16)
dt
d lX L (8.17)
dt
d lX L „ = p Ic^ BjjRM (8.18)
dt
d3XL (8.19)
dt
= Akgy[BB^M\R (8.20)
dt
94XL„, ^+kg^[BBy,M2\R' -kkg^iBBMM^R^ CS.21)
dt
8.4.1 Concentration calculations and units
The numerical model has been designed such that it  calculates molai* concentrations 
o f species in  a volume o f space which has comparative dimensions to the typical 
samples measured on GARField. The units fo r the concentrations o f each species aie 
m ol dm'^ , w ith reaction rate constants fo r firs t order reactions in  units o f 
dm^ mol"^ s '\  In itia tion rate constants, ka and kp are in  units o f dm^ m ol"'. The flux  
o f U V photons is calculated in units o f mol dm'^  s"'.
The user inputs values fo r the wavelength o f the U V photons (nm), the power o f the 
UV source (mWcm"^), the sample mass (mg) and thickness (pm) and the molar mass 
(g m ol"') and mass fraction (wt%) o f each o f the in itia l species. Assuming a 
1 mWcm'^ monochi'omatic U V source, w ith  250 nm wavelength photons, the photon 
flu x  incident on a 1 cm^ sample is 2.09x10"^ mol s"'.
Using the original form ulation from  Table 5.1 as a basis, the mass fraction o f each o f 
the components used in  this model was 94.6 wt% acrylate base polymer, 0.4 wt% 
benzophenone and 5 wt% m ultifunctional acrylate. The mean molar mass o f the 
acrylate base polymer was 300,000 g m ol"'; however, as detailed in  Section 8.2, the 
acrylate polymer is modelled as a short chain length w ith  a single H-site available for
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abstraction. There ai'e approximately 1000 such sites on each 300,000 molar mass 
chain [Palasz, 2007], such that the molar* mass fo r the modelled polymer is 300 g 
mol '. The molar mass o f each m ultifunctional acrylate molecule is 800 g m ol"', w ith 
each molecule containing four functional groups. For the purpose o f these 
calculations, each functional acrylate is treated as a separate species w ith a molar 
mass o f 200 g m ol"'. F inally the molar mass o f benzophenone is 182 g m ol"'.
Using these molar masses and a sample volume o f 4.0x10"^ d n f, the concentration o f 
each o f the in itia l species was determined to be 3.94, 2.75x10"^ and 
3.13x10"' mol dm"^ fo r polymer H-site, benzophenone and m ultifunctional acrylate 
respectively.
Gou, Coretsopoulos et al. (2005) measured the dissolved oxygen concentration in air 
saturated monomers, and found it  to be 0.83x10"^, 2.07x10"^ and 0.59x10"^ mol dm"^ 
fo r 2-hydroxyethyl methacrylate, butyl acrylate and ethoxylated 2-hydroxyethyl 
methacrylate, respectively. The dissolved oxygen concentration in  the acrylate 
polymer used in  this model was expected to be sim ilar; therefore an average 
concentration o f 1.2x 10"^  mol dm^ was used.
8.4.2 Reaction rate constants
This section discusses the origins o f the values fo r each o f the reaction rate constants 
introduced in  Table 8.2. D ifficu lty  in  modelling the concentrations o f in itia l, 
intermediate and fina l species was experienced; this was due to the necessaiy 
reaction rate constants fo r each o f the different processes being un-available in the 
literature. For this reason, estimations based on sim ilar processes and averaged 
values were used to obtain the reaction rate constants. Almost a ll o f the published 
rate constants were determined fo r processes in  alcoholic solution and subsequently 
introduce a certain degree o f eiTor into the model. However, the relative differences 
between the rates o f various processes would s till be o f the same order o f magnitude 
allow ing fo r their use in  the numerical model.
The Stai'k-Einstein law o f photochemistry states that i f  a species absorbs radiation,
then one paiticle is excited fo r each quantum o f radiation absorbed. For 100%
efficiency, each individual photon incident in  the system would convert one [B ] to
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[ B t ] .  The rate constant, ka would therefore be equal to 1/B . The state diagram for 
benzophenone shows that once the molecule is excited, intersystem crossing leads to 
100% conversion to the trip le t state w ith in  10"'° seconds. The molecule then decays 
to the ground state through the process o f phosphorescence. Demas and Crosby 
(1971) and Allen, Segurola et a l (1999) determined the phosphorescence quantum 
yield fo r benzophenone in  absolute ethanol to be 0.74.
The trip le t state o f benzophenone is relatively long lived; therefore it  is reasonable to 
assume that in  the presence o f suitable monomers, polymerisation would occur rather 
than phosphorescence. This provides a value fo r the in itia tor efficiency / ,  which is 
defined as the fraction o f excited photoinitiators that actually in itiate free radical 
polymerisation. /c« was therefore set equal to f / B ,  w ith /=  0.74. In  further support
o f this argument, Kurdikar and Peppas (1993) state that the in itia to r efficiency for 
most systems is between 0.3 and 0.8.
The reaction is less probable than the ka process due to the low  concentration o f 
benzophenone in  the system. However, it is not possible to assign absolute values to 
the different probabilities o f in itiation. Since the k  ^process relies on [B]^ x [I]^ and 
the concentrations o f each species aie «1 m ol dm'^ , the product w ill be smaller than 
ka, which relies on [B ]x [I ] .  Consequently, a value fo r k^ equal to ka, which 
represents the maximum value, was chosen, ^pi, ikpa and k^z are expected to occur 
w ith equal likelihood and were therefore a ll set equal to 1/3 A:p.
/cy is the rate constant fo r oxygen quenching o f trip le t state benzophenone. W hilst a 
rate constant for an identical system could not be found in the literature, studies by 
Porter and W indsor (1958), W aie (1962), Turro (1967), Gijzman, Kaufman et al. 
(1973) and W ilkinson (1997) quote rate constants between 1x10^ and 
12x 10  ^dm^ m ol"' s ' fo r oxygen quenching o f trip le t state benzophenone derivatives 
in solvents. A  mean value o f 5x10^ dm^ m ol"' s"' was therefore used as /cy.
The k  ^ reaction processes describe the abstraction o f a hydrogen atom from  an 
available site on the polymer. A  number o f studies looking at the reactivity o f trip le t 
benzophenone and benzophenone derivatives towards hydrogen containing
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substances have been conducted [Porter and W ilkinson, 1961; Beckett and Porter, 
1963; Land, 1968; Tuito and Lee, 1972], however, a ll looked at hydrogen abstraction 
from  solvents rather than polymers. Beckett and Porter (1963) and Porter and 
W ilkinson (1961) both quote rate constants o f 1.3x10^ dm^ m ol ' s ' fo r 
benzophenone hydrogen abstraction from  isopropanol. Land (1968) quotes a rate 
constant o f 8x 10  ^dm^ mol"' s"' fo r benzophenone hydrogen abstraction from  
cyclohexane and Turro and Lee (1972) quote rate constants ranging from  7.0x10^ to 
2 .2x 10' dm^ mol"' s ' fo r various benzophenone derivatives abstracting hydrogen 
from  isopropanol. The lack o f published rate constants fo r hydrogen abstraction in 
polymers suggests that it  may not be possible to directly determine the rate constants 
fo r this process. As a consequence, k^i was set equal to 1.2x10^ dm^ m ol"' s"', which 
is the mean value fo r the rate o f hydrogen abstraction from  solvents listed in the 
aforementioned references.
The A:g2 reaction is thought to be an identical process to that o f /cgi, w ith  the exception 
that it  involves two trip le t state benzophenone molecules joined together rather than 
a single one, thus k^2= h \  in  the model. The k?,3 reaction is also hydrogen abstraction 
from  the polymer, though the abstraction involves a laiger molecule than a single 
benzophenone. However, in  the absence o f any data to the contrary, this process is 
also assumed to be equal to h i.  The fina l hydrogen abstraction process included in 
the model is the formation o f a benzophenone pinacol molecule w ith a reaction rate 
given by ku- Beckett and Porter (1963) quote a value o f 5.9x10^ dm^ m ol"' s"' fo r the 
formation o f such a molecule in  isopropanof The value was therefore used in  the 
model fo r ^54.
An obvious requirement from  the model is to show that increasing the concentration 
o f m ultifunctional acrylate increases the number o f crosslinks generated, as seen in 
the GARField profiles in  Chapter 5. As a consequence, values fo r the rate constants 
which produce crosslinks w ith  and w ithout an [M ] are the most important to allow 
confidence in  the model. For example, i f  h  is disproportionately greater than h u  
this pathway w ill be become dominant and no benzophenone to polymer grafted 
crosslinks w ill occur.
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The absolute values o f the propagation rate constants fo r free radical polymerisation 
depend on the reactivity o f both the monomer and the propagating free radical 
[North, 1966] and on the viscosity o f the solution [Andrzejewska et a l,  2005]. As a 
result, it  was unlike ly that such values fo r the monomers and radical species used in 
this model would be found in  published literature.
•A number o f rate constants fo r free radical propagation and term ination processes 
which are thought to be sim ilar to processes used in  the model were sourced and are 
b rie fly summarised below. These provided a range o f constants which could be used 
to check the va lid ity o f the model. Various liqu id  phase rate constants fo r free radical 
propagation involving conversion o f a double bond in  different acrylate monomers 
are given by North (1968). These are reported as 2.0x10^ dm^ m o f' s ' fo r 
acrylonitrile at 60°C, 2.1x10^ dm^ mol ' s ' fo r methyl acrylate at 60°C, 
3.7x10^ dm^ m ol"'s"' fo r v in y l acetate at 60°C and 1.8x10'' dm^ mol"' s ' for 
acrylamide at 25°C. The propagation rate constant fo r polymerisation is expected to 
decrease w ith  increasing temperature [Yamada et a l,  1999]. As the numerical model 
is being used to help interpret data recorded at 20°C, the rate constant o f 
1.8x10“' dm^ mol"' s ' is more representative.
The reaction rate constant fo r the copolymerisation o f methyl methacrylate, a process 
which involves the conversion o f acrylate double bonds to form  long chain lengths, 
is known to vary between 1.9x10'' and 6 .3x10 ''dm^ mol"' s"' at 30°C [H ill et a l,  
1997]. Yamada, Sata et a l  (2003) used election paiamagnetic resonance 
spectioscopy to determine a rate constant fo r the addition o f a 2-carbomethoxy-2- 
propyl radical to a methyl methacrylate through the conversion o f the acrylate double 
bond to be 3.7x10^ dm^ m ol"' s ' at 24°C.
Sangwai, Bhat et a l  (2005) used values o f 4.9x10^ and 9.8x10^ dm^ mol"' s"' fo r
their free radical propagation and term ination rate constants in  a kinetic model o f
photoinitiated polymerisation o f methyl methacrylate. Smith, Russel et a l  (2005)
also provide a value fo r the term ination rate constant o f free radical polymerisation in
methyl methacrylate at 60°C o f 1.0x10® dm^ mol"' s"'. This value was also used by
Theis, Davis et a l  (2006) fo r the term ination rate constant in  v iny l acetate. A  further
selection o f term ination rate constants is provided by Lemee, Fouassier et a l  (1999)190
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fo r different monomers in  acetonitrile: They quote values o f 2.2x10^ dm^ m o l's " ' for 
methyl acrylate, 2.0x10® dm® m o f's "' fo r methyl methaciylate, 7.1x10^ dm® mol ' s ' 
fo r ti'imethyolpropane tiiacrylate and 7,5x10^ dm® m o l"'s '' fo r pentaerythritol 
triacrylate. It is thought the term ination process which is most representative o f the 
grafting crosslink is detailed in  Huyser (1970). Here, a benzophenone derivative 
radical is shown to terminate w ith  a second carbon-centred radical at 30°C w ith a 
rate constant o f 2.5x10^ dm® mol"' s"'.
Many reaction rate constants are suggested to be chain length dependent w ith  Smith, 
Russel et al. (2005) remaiking that a decrease in the rate constant would be seen w ith 
increased molecule size. The term ination rate constants fo r polymerisation in  methyl 
methacrylate and v iny l acetate monomers are therefore expected to be larger than fo r 
the grafting process described in  this model. Subsequently, an in itia l value fo r /c,^ i o f 
1x10^ dm® mol"' s"' was used.
The termination rate constants used fo r the other processes in  the model cannot be 
estimated w ith  any greater accuracy than /cqi. As such /cgi, /cg2  and were a ll set 
equal to /c,^ i. The propagation reaction processes can also not be differentiated from  
each other and the rate constants, h , k\ and Ap must also be set equal. A  value o f 
1x10® dm® mol"' s"', calculated from  the mean value o f the published propagation rate 
constants at 24-30°C was used fo r these rate constants. Furthermore, and k\2  are 
expected to occur w ith  equal probability and were therefore set to 1/2 k\.
The rate constant for the disproportionation process /cdis, was estimated to be 
1x10^ dm ®m ol's"' [Okay, 2000]. This is supported by the fact that radical 
term ination in  poly(m ethyl methacrylate) at room temperature occurs by combination 
and disproportionation w ith equal likelihood [Cowie, 1991]. Subsequently, /cdisp 
should be approximately equal to k^i.
An excellent review written by Yamada, Westmoreland et al. (1999) presents
numerous reaction rate constants fo r vai'ious photoinitiators and polymerization
processes -  both propagating and termination. The reported reaction rates are a ll
w ith in  the same orders o f magnitude as those selected fo r the different processes
used in  the numerical model. In  addition, Sangwai, Bhat et al. (2005) used
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term ination rate constants v/hich were between 2 and 3 orders o f magnitude greater 
than propagation rate constants. This provides confirmation that w hilst individual 
rate constants may not be correct, the outputs from  the model remain robust.
8.4.3 Summary of concentrations and rate constants
Table 8.3 summarises the in itia l concentrations and reaction rate constants used in 
the numerical model. Outputs produced w ith input values different from  these w ill 
be highlighted where applicable.
Concentration [mol dm'^] Rate constant [dm^ mol^ s'^ ]
2.75x10'^ -
M^ 3.13x10'’ -
3.94 -
O2 1.2x10'^ -
h ,  Ap - 0.74 / B *
- t p / 3 *
ky - 5.0x10^
1.^ 52, ^53 - 1.2x10^
5^4 - 5.9x10’
h \ ,k ]2 ,h l .  6^2. 0^3 - l.OxlO’
h  h  h - 1.0x10^
h i ,  h i - kx/2
his - l.OxlO’
Table 8.3: Summary of initial concentrations and reaction rate constants used in the numerical 
model. ' assuming 0.4 wt% benzophenone and 5.0 wt% multifunctional acrylate.  ^ rate constant 
in units of dm  ^mol"',
8.5 Numerical model design
This section describes the design and coding o f the numerical model. The fu ll 
programme code can be found in  Appendix C.
The variables and rate constants are defined in  the firs t part o f the model. In itia l 
concentrations, which aie calculated from  user inputs described in  Section 8.4.1 are 
then assigned to each o f the species. A ll o f the species are defined as an array o f 
concentration as a function o f depth. Next the time steps and rate constants are 
defined. The model uses five  separate tim ing loops nested into a single model, 
which run on different time scales due to the different rates o f the in itia tion, 
quenching and propagation reactions. I f  a single loop were to be used, a ll time steps
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would need to occur at the smallest temporal increment. Since the oxygen quenching 
reaction rate is over two orders o f magnitude greater than the other reaction rates, the 
model would be highly inefficient. The firs t o f these time loops, labelled time, is the 
master loop and governs the number o f separate irradiations. The second, labelled ti, 
is the in itia tion step. The ti loop runs from  1 to timax in  units o f 1 second. For 
example, i f  timax =100 then each iiTadiation under the time loop is 100 s long. The 
third loop, tox, is the oxygen quenching step. The loop begins after each 1 second ti 
step and runs from  1 to toxmax in  units o f 10 ns. Loop four, labelled tr is used to 
model the propagation and term ination o f the different species. The tr loop begins 
after the tox loop has finished and runs from  1 to trmax in  units o f 1 ps. A fter the 
completion o f this loop, a diffusion step w ith in  the ti loop simulates oxygen diffusing 
into the sample during the irradiation phase. F inally after this step has finished the 
fifth  loop, tw begins. The tw loop contains a second diffusion step and represents a 
period o f inactivity or measurement between irradiations where oxygen can diffuse 
into the sample, tw  runs from  1 to twmax in  units o f 1 second.
The calculated concentrations are outputted to an ASC II data file  at time zero, which 
represents the uncured sample, and after every in itia tion, oxygen quenching and 
propagation step. The model was designed to produce two different outputs: either 
(i) the concentration o f every species as a function o f irradiation time (dose), or (ii) 
the concentration o f any individual species as a function o f depth and irradiation 
time. A  block diagram describing the construction o f the model is provided in  Figure 
8.6.
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output
>  output
^  output
output
In itia l concentration calculations
Oxygen diffusion step
t o x  lo o p  
Oxygen quenching calculations
t r  lo o p  
Propagation/termination calculations
t im e  lo o p  
Number o f individual irradiations
t i  lo o p  
In itia tion  calculations
tw  lo o p  
Oxygen diffusion step
Figure 8,6: Block diagram describing the construction of the numerical model.
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8.6 Spatial model components
Two components which are integral to spatial calculations w ith in  the model are UV 
attenuation and the diffusion o f molecular oxygen into the sample. The proceeding 
section details how U V attenuation is modelled. The oxygen diffusion steps w ith in 
the t i and tw loop are discussed in  Section 8.6.2.
8.6.1 UV attenuation
U V photons are expected to be attenuated w ith in  the sample according to a Beer- 
Lambert relationship given by equation 8.22 [Roffey, 1997].
I  =  I q exp(-A ) (8.22)
where the absorbance A = sic and s is the molar extinction coefficient, I is the 
thickness o f the absorbing medium and c is the molar concentration.
The molar extinction coefficient is a measure o f how strongly the chemical species 
absorbs ligh t at a given wavelength. Since a value fo r the material o f interest could 
not be found in  the literature, the U V  attenuation could not be modelled using 
equation 8.22 directly. However, the amount o f U V  ligh t transmitted through a 
sample o f known thickness could be measured to provide a ratio o f L Iq.
To this end, a 400 pm sample o f base resin w ith 5 wt% m ultifunctional acrylate was 
adhered to the sensor o f a radiometer which was sensitive to UVC radiation. The 
sample and radiometer were then continuously irradiated at a distance o f 0.65 m 
from  the U V source. A fter a b rie f period o f instability, which was attributed to the 
radiometer heating up, the readings stabilised and an estimate o f the intensity o f UV 
transmitted through the sample was made. The sample was then carefully removed 
from  the sensor and a reading o f the fu ll intensity o f the U V source was recorded. 
This experiment was repeated 3 times. The amount o f UVC absorbed by a 400 pm 
sample o f base resin w ith 5 wt% m ultifunctional acrylate was determined to be 
90 + 2 %.
As I J I q , the thickness and the molar concentration o f species w ith in  the sample are
known, the molar extinction coefficient was determined to be
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6.0 ± 0.4 dm^ m ol’  ^ cm '\ This value was then used in the model to calculate the 
concentration o f U V  photons as a function o f position n according to Equation 8.23.
m  =  /„  exp[(- g X ; X ([B] +  [P]  +  [M  ] )x (8.23)
where [B ], [P] and [M ] are concentrations o f each o f the in itia l species, n is the index 
in  the space array and nmax is the maximum number o f steps in  space.
Computing power available lim ited nmax to a maximum o f 12 steps, which restricted 
the spatial resolution Ax, to 33.3 pm fo r a 400 pm sample. The U V attenuation 
component o f the model was tested by running a simulation where a ll reaction rate 
constants w ith  the exception o f ka were set to zero. The only allowed process was 
therefore photoinitiation resulting in  a conversion o f [B ] to [B t ]. A s the 
concentration o f U V photons changes as a function o f distance, so does the 
concentration o f [B ] and [B t ] . Figure 8 .7  shows the concentration o f [B ] as a 
function o f time and distance produced from  a simulation w ith  the U V power equal 
to 3 mWcm^. The conversion from  [B ] to [B t ] occurs faster in  the upper regions o f 
the sample where the U V intensity is higher.
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Figure 8.7: Concentration of [B] as a function of time and depth. All reaction rate constants 
with the exception of jt„ were set to zero so that the only process was the conversion of [B] to 
[B t] .  A x= 33 .33  pm, therefore the lAx data set represents the surface to 33.33 pm and the 12Ax 
data set represents 366.67 to 400.0 pm. UV attenuation within the sample according to 
expression 8.23 results in slower conversion of [B] to [Bt] with depth (higher Ax). A UV source 
of 3 mWcm^ was used.
8.6.2 Oxygen diffusion
Oxygen diffusion w ith in  the model is calculated according to Pick's second law 
which applies to non-steady state diffusion.
ax ' (8 .24 )
where ^  is the concentration o f the diffusing species in mol dm'^  and D is the 
diffusion coefficient in  dm ' s"\ This expression was re-written fo r the numerical 
model according to:
(8 .25 )
The subscript n is the index fo r the position in  space.
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W hilst this expression could be used to model diffusion w ith in the sample, boundary 
conditions fo r the surface and base o f the sample were also needed. The oxygen flux 
at the surface o f the sample was assumed to be constant. As a consequence, the 
concentration gradient between successive steps in  space w ith in the sample extends 
to a region beyond the surface, which is deemed to have an in fin ite  reservoir o f 
molecular oxygen. This constant surface flu x  condition was satisfied by m odifying 
expression 7.25 to
= 0 ^ ( ( 2 [ 0 , ] „  - [ 0 J „ , ) + [ 0 , ] „ „  - 2 [ O j J  =  £ > ^  (8.26)ax ax
D iffusion at the base o f tlie sample was modelled by assuming a no flu x  boundary. 
This condition was achieved by setting the concentiation gradient w ith in  the last 
position o f the depth a iT a y  nmax, equal to zero.
= O ^ ( 2 [ 0 , ] „ „ , „ _ i - 2 [ 0 J , „ „ „ )  (8.27)
A  simulation was carried out to illustrate the build up o f oxygen w ith in  the sample. 
This was run over a period o f 10000 seconds, w ith the concentration o f oxygen equal 
to 0.0012 mol dm'^  at the surface and zero at a ll other positions. Only oxygen 
diffusion during the in itia tion loop was modelled (i.e. timax = 10000) and therefore 
the concentration is seen to build up continuously. This is demonstrated in  Figure 
8.8. The diffusion coefficient fo r oxygen was taken to be 3.0x10''^ dm 's"^ [W allin 
et a l,  2000].
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Figure 8.8: Concentration of [O2] as a function of time and depth under non-steady state 
diffusion with a constant surface flux. Initial concentration was 0.0012 mol dm'^ in the surface 
region and 0 at all other positions within the sample. D=3.0xl0'^” dm  ^ s '\ Diffusion only 
occurred during initiation loop in this simulation.
A  second simulation was run w ith  timemax =10, timax =100 and twmax = 1000. 
These values denote 10 separate, 100 second iiTadiations w ith  a period o f 
1000 seconds inactivity between each one. The total time for oxygen to diffuse into 
the sample is consequently o f the same order as Figure 8.8. The output from  the 
second simulation is presented in  Figure 8.9. The concentration o f [O2] is seen to 
increase during the in itia l 100 second inadiation as the model continually outputs 
data during this loop. A fter 100 seconds, the tw loop begins and oxygen diffuses into 
the sample fo r a further 1000 seconds. Once completed, the ti loop starts the second 
irradiation and the concentration o f [O2] is outputted again. This leads to the 
appearance o f a discontinuous build up o f oxygen over time. However, this 
iiTadiate -  wait -  irradiate scheme is more representative o f the method used to 
acquire GARField profiles o f the different formulations which were discussed in 
Chapters 5 and 6.
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Figure 8.9: Concentration of [O2] as a function of time and depth with 10 separate, 100 second 
irradiations with a period of 1000 seconds inactivity between each one. The total time for 
oxygen to diffuse into the sample is therefore of the same order as Figure 8.8. Data is only 
outputted during the irradiation loop which leads to a discontinuous oxygen build up.
8.7 Model outputs
8.7.1 Model validation
Free radical species are highly reactive and are therefore short lived. The firs t test o f 
the va lid ity o f the model was to ensure that intermediate species did not build up 
during the reaction processes. This was checked by outputting the concentration o f 
a ll species as a function o f time fo r an individual position w ith in  the sample. The 
form ulation used in  this simulation was the base resin w ith 5 wt% m ultifunctional 
acrylate at position 6, which is around the centre o f the sample, was chosen. The U V 
source intensity o f 3 mJcm'^  was chosen w ith  a single 1000 s irradiation time. The 
oxygen quenching reaction was allowed to run fo r 1000 ns, which resulted in less 
than 1% residual molecular oxygen in  the system and the reaction processes were 
allowed to run for 100 ps. The concentration o f [B ], a ll o f the intermediate species 
and the sum o f a ll crosslinked species [X L ], are plotted in  Figure 8.10.
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Figure 8.10: Concentration of [B], all intermediate species and the sum of all crosslinked species 
[XL] as a function of time from a formulation of base resin with 5 wt% multifunctional acrylate. 
The output was from position 6 of the depth array, which represents the middle of the sample.
The concentrations o f the intermediate species in  Figure 8.10 w ith  the exception o f 
[B h ] and [BBM M ], remain negligible during the reaction. This is evidence that the 
values fo r the reaction rate constants fo r the various processes w ith in  the model are 
acceptable as in itia tion leads to termination. The slight build up o f [B h] and 
[BBM M ] which are intermediate species and are therefore short lived is not expected 
to pose any problems since after 1000 s, the concentrations only equate to 2.3% and 
4.1% o f the fina l crosslink concentration, respectively. Refinement o f the 
term ination rate constants would prevent this build up but was not deemed necessary 
due to the aheady low concentration.
8.7.2 Model sensitivity
The two most important reaction rate constants used in  the model are and k^\ due 
to the dominance o f the firs t order reaction process and the term ination rate 
constants. Consequently, variations in  these two values produce the largest changes 
in  relative concentrations o f fina l species. To ascertain how sensitive the results o f 
the model are to these changes and to establish a level o f uncertainty associated w ith 
the results, the model was run w ith  a range o f values for h  and For each value,
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the conversion o f [B ] to [X L ] was calculated by the model. This is a measure o f the 
percentage o f the in itia l concentration o f [B ] which results in  a crosslink and may be 
thought o f as being analogous to the degree o f cure w ith in the sample.
Two sets o f simulations were run using the rate constants in  Table 8.3 as the starting 
point; the firs t varied both reaction rate constants by 50 %, w hilst the second varied 
them by an order o f magnitude. Surface plots fo r these outputs are presented in 
Figure 8.11 and Figure 8.12 fo r the 50%  and order o f magnitude changes, 
respectively. These outputs show that varying either or both by ± 50 % leads 
to a change in  the conversion o f [B ] to [X L ] o f ± 10 %. Varying these rate constants 
by an order o f magnitude leads to a change in  the conversion o f [B ] to [X L ] o f 
± 25 %.
As discussed in  Section 8.4, the rate constants chosen appeal* to be o f the correct 
order o f magnitude when compared to literature values; therefore Figure 8.11 is 
thought to be more indicative o f the sensitivity o f the model. As a result, the outputs 
o f the model are a ll expected to have an accuracy o f ± 10 %. Additional simulations 
o f this type checked the concentration o f grafted crosslinks and crosslinks 
incoiporating a m ultifunctional acrylate. These results m irrored the levels o f 
sensitivity found here.
202
nJuQOSnJ<yZtuS5z
<u.o
E-ztuS(UOutu>tu
Q
<acu
(%) UOISJ8AUOO hxl 01 [g]
- S S g s s
S o o o o o o o oO) 00 (O in co CsJ o
o o o O o o O o o ciO J 00 (O to co C \J
■ ■ □ m □ ■ □ □ ■ ■
o a 2 
g # çIIIIII
•IIIî i
-H
V  i— irt/5 i"2
-  §
1 1c >S£ CQ 
O
0 s; «
1
I I
oc ^
I  I  I
^  <r. 00 -
It
(%) U0ISJ3AU00 [IX] 01 [g]
o o o o o o o oo> 00 co If) co CM o
o o o o o o o o00 M (O LO co CM o
■ □ ■ □ ■ □ □ ■ ■
l l i?il
o 42il
l ï l
00
i l  - 1 
■§
ii
• s00 o:ïb£ cZ s
il
-H
115^ ^
203
C h apter  8: D e v e l o p m e n t  of  a N u m e r ic a l  M o d e l
8.7.3 Crosslink concentration as a function of depth
The spatial components o f the model, which were detailed in Section 8.6, allow the 
concentration o f crosslinked species to be determined as a function o f depth. The 
GARField measurements o f base resin w ith m ultifunctional acrylate presented in 
Chapter 4 and 5 showed the profiles to have a very non-uniform depth o f cure when 
the samples were only partially cured.
A simulation o f base resin w ith 5 wt% m ultifunctional acrylate w ith the same UV 
intensity and tim ing parameters as those used above -  UV = 3 mJcm'^ , 
timax = 1000 s, toxmax = 1000 ns and trmax = 100 ps -  was run w ith the 
concentration o f [X L ] outputted for a ll positions w ith in the sample as a function o f 
time. This data is shown in Figure 8.13. The continued presence o f molecular 
oxygen w ith in the surface region prevents any significant formation o f crosslinks 
w ith in this part o f the sample. As such, the 1 Ax series can be ignored.
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Figure 8.13: Concentration of [XL] as a function of position under continuous irradiation. 
Àx=33.3pm. The continued presence of molecular oxygen in the surface region prevents any 
significant formation of crosslinks.
It is clear that the concentration o f [X L ] as a function o f time varies w ith position 
w ith in the sample and that the variation is at a maximum around 400 seconds. 
Figure 8.13 may be interpreted by considering the sample to be a square profile w ith
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a uniform  crosslink concentration ~ in itia lly  zero. As the sample is irradiated, 
crosslinks form  in  the upper regions at a faster rate than in  the lower regions, thus 
form ing a gradient in the crosslink concentration w ith  depth. This gradient increases 
up to a maximum around 400 seconds. A fter this time, the concentration o f in itia ting 
species in  the surface regions has been sufficiently depleted so that the rate o f 
crosslink formation slows down. A t this point, the larger number o f in itia ting species 
in  the lower regions o f the sample results in  a greater rate o f crosslink formation 
despite the lower U V intensity. The gradient in  crosslink concentration w ith  depth 
therefore decreases un til a ll o f the initiators in  the sample are used up and crosslink 
concentration is uniform  across the sample again.
This result is in  good agreement w ith the GARField profiles o f base resin w ith 5 wt% 
m ultifunctional acrylate presented in  Figure 5.6. This subsequently supports the 
argument that non-uniform  depth o f cure is due to UVC attenuation w ith in the 
sample.
8.7.4 Crosslink concentration with different irradiation regime
A  key result from  Chapters 5 and 6 was that w ith  sufficiently high dose steps (greater 
than 20 mJcm'^  in  this case) the degree o f cure was independent o f the irradiation 
regime providing the total dose remained the same. However, w ith much smaller 
dose steps it became apparent that the inadiation regime was important and that the 
smaller dose steps resulted in  a lower degree o f cure. This was attributed to oxygen 
inh ib ition w ith in  the upper regions o f the sample and can be investigated using the 
numerical model.
The simulation detailed in  Section 8.7.3 was re-run w ith the fo llow ing tim ing 
parameters, timax = 100 s, toxmax = 1000 ns, trmax = 100 ps, twmax = 1200 s and 
timemax =10. Consequently, the model simulated ten separate 100 s irradiations 
w ith  a period o f 1200 s between each one. This period o f inactiv ity was chosen as it 
represented the typical time fo r a GARField measurement and the waiting period 
after each inadiation. The data is shown in  Figure 8.14.
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Figure 8.14: Concentration of [XL] as a function of position during 10 separate 100 s 
irradiations. Ax=33.3pm. The continued presence of molecular oxygen in the surface region 
prevents any signiHcant formation of crosslinks.
In comparison to Figure 8.13, the effect o f adding a period o f 1200 seconds between 
each irradiation is clearly visible in the firs t 100 pm (Figure 8.14). In this region, the 
molecular oxygen is replenished during the time between irradiations as shown in 
Figure 8.9. Oxygen quenching then competes w ith the formation o f crosslinks, 
which reduces the final concentration. This inhib ition w ith in the surface regions o f 
the sample adds evidence to the theory that oxygen inhib ition may be responsible for 
the small surface feature which appears in many GARField profiles o f the base resin 
w ith 5 wt% m ultifunctional acrylate formulation. However, the inhib ition is 
expected to be larger in the model since the diffusion coefficient o f molecular 
oxygen w ill reduce as the viscosity o f the polymer increases through crosslinking 
[Decker and Decker, 1997]. The effect o f oxygen inhib ition also becomes more 
pronounced w ith smaller steps sizes, suggesting that if  small irradiation times w ith 
sufficiently long periods o f waiting between each one are used, the concentration o f 
crosslinks w ill remain small.
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8.7.5 Crosslink concentration with increased multifunctional 
acrylate concentration
A  second key finding in  Chapter 6 was that increasing the m ultifunctional acrylate 
concentration resulted in  a higher degree o f cure and hence a larger contrast between 
uncured and cured profiles when measured on GARField. For the model to be an 
accurate representation o f this form ulation it  must coiTelate to these experimental 
results.
To investigate the relationship between m ultifunctional acrylate concentration and 
crosslink density, a series o f simulations w ith  different m ultifunctional acrylate 
concentrations were run w ith  the fo llow ing tim ing parameters: timax = 100 s, 
toxmax = 1000 ns and trmax = 100 ps. As w ith  previous simulations, a U V source 
intensity o f 3 mWcm'^ was used. The simulations outputted the concentrations o f all 
species from  position 6 o f the depth array as a function o f time. The concentrations 
o f each o f the crosslink species along w ith the percentage conversion o f the in itia l 
concentration [B ] to simmiation o f a ll crosslink species [X L ] are shown in  Table 8.4.
M A Crosslink species concentration (mol dm ^ ) [B] to [XL]
(wt%) [2XL] [3XL] [2XL„d [3XL„d [4XL„,] [XL] Conversion ( %)
0.0 0.01173 0.00100 0.00000 0.00000 0.00000 0.01273 46.3
1.0 0.00888 0.00097 0.00526 0.00045 0.00025 0.01581 57.5
2.5 0.00656 0.00089 0.00987 0.00026 0.00026 0.01785 65.0
5.0 0.00456 0.00073 0.01389 0.00016 0.00025 0.01959 71.3
7.5 0.00349 0.00057 0.01605 0.00013 0.00023 0.02046 74.5
10.0 0.00283 0.00043 0.01739 0.00011 0.00021 0.02096 76.3
Table 8.4: Concentration of different crosslinked species including total number of crosslinks 
with increasing multifunctional acrylate concentration. [B] to [XL] conversion indicates the 
percentage of initial concentration of [B] which results in a crosslink.
The absolute number o f crosslinks is o f little  use since GARField measurements are 
only proportional to crosslink density and are therefore themselves not absolute. 
However, it  should be possible to correlate the degree o f contrast between uncured 
and cured samples o f different m ultifunctional acrylate concentrations measured on 
GARField w ith the conversion o f [B ] to [X L ] calculated by the model. W hilst each 
o f these measurements is very different, they are both analogous to the degree o f cure 
w ith in  the sample as discussed previously. The values for the percentage conversion
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in Table 8.4 were plotted against the GARField contrast presented in Table 6.4. This 
is shown along w ith linear fits to the data points in Figure 8.15.
20 30 40 50 60 70 80
GARField Contrast (%)
Figure 8.15: Comparison between the contrast observed in GARField profiles of different 
concentrations of multifunctional acrylate, defined by expression 6.1 and percent conversion 
from [B] to [XL] generated by the numerical model. Multifunctional acrylate concentrations in 
wt% are labelled next to corresponding data point. The solid blue line is the linear fît through 
all points with R^=0.88, whilst the broken blue line is a linear fît through all points except for 
0 wt% and has R^=0.94.
I f  the model was an exact representation o f the experimental data the points in Figure 
8.15 would all fa ll on a straight line. However, a linear f it  to the data points shown 
by the solid blue line has an R“ value o f 0.88; consequently, the correlation between 
model and GARField measurements is non-perfect. This is somewhat expected since 
the model is only a basic numerical calculation o f absolute concentrations. In a real 
polymeric system the free radicals must diffuse to react and form  crosslinks. As the 
polymer crosslinks, the viscosity increases which restricts this diffusion. The 
m ultifunctional acrylate is added to the form ulation as it is a low molecular weight 
and hence a more mobile species which helps propagate the free radical 
polymerisation. I f  the concentration is zero, the only possible reaction is the 
formation o f a grafted crosslink. This may be on an adjacent chain which would 
result in a true crosslink or on the same chain the benzophenone is attached to, which 
would result in the formation o f a small ring structure or microgel.
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By comparison, in  the modelled system the initiated benzophenone only requires a 
suitable polymer site w ith in the same position in  the depth array to react w ith and 
form  a crosslink. As a consequence the model is expected to over predict the number 
o f crosslinks formed. This over prediction would be highest in  a simulation o f base 
resin w ith  zero m ultifunctional acrylate since the system w ill form  crosslinks through 
any available reaction process irregardless o f steric effects. Removing the data point 
corresponding to a zero m ultifunctional acrylate concentration results in a much 
improved linear f it  which has an R^ value o f 0.94, shown by the broken blue line in 
Figure 8.15. W ith this fit, a better correlation can be seen to exist between the 
modelled and experimental data. Additional formulations w ith  different 
concentrations o f m ultifunctional acrylate are needed to further check this 
correlation. Unfortunately, NSC were unable to provide formulations beyond 
10 wt% m ultifunctional acrylate.
8.8 Further discussion
The tim ing parameters and rate constants in  the model appear to be o f the coiTect 
order o f magnitude as the conversion from  [B ] to [X L ] occurs in  a time scale 
anticipated from  the GARField measurements. Incorrect assignment o f the in itia tion 
rate constant Xa, would result in  the time taken to convert a ll the [B ] w ith in the 
system to be unreflective o f reality. I f  X« is too high, the conversion w ill be too fast 
and the crosslinking reaction would be over in  a time scale much shorter than that 
observed experimentally. Although X« was calculated based on assumptions o f 
quantum yield and in itia to r efficiency, the value is acceptable.
Scherzer, et aL (2002) used FTIR spectroscopy to measure the conversion o f 
benzophenone groups during U V curing in  an acrylic adhesive sim ilar to that used in 
this study. By integrating the peak from  the C =0 bond, they were able to plot the 
decrease o f the relative concentration o f the benzophenone as a function o f time. 
The U V source in  this study had a maximum power o f 1200 mWcm'^ and could be 
reduced to 57 % and 24 % w ith  neutral density filters. The relative benzophenone 
concentration was shown to reduce to 40 % after 6, 10.5 and 25 seconds fo r 100 %, 
57 % and 24 % U V power respectively. The model was used to predict the 
conversion o f [B] using equal U V  powers. To obtain the same conversion rate, the 
in itia tor efficiency had to be reduced from  0.74 to 0.11, which is lower than any
209
C h a p te r  8: D e v e l o p m e n t  o f  a  N u m e r ic a l  M o d e l
published values. A  possible reason fo r this is that the U V power quoted by the 
authors, is the power o f the lamp but not the UVC output from  the source. 
Consequently this may be an over estimate o f the actual UVC power used, thus 
giving rise to the appearance o f a slower conversion. Adjusting the value used for the 
in itia to r efficiency only changes the number o f reaction species formed per unit time. 
Since absolute values were avoided in discussions o f the model outputs, any 
discrepancies in in itia tor efficiency or are not expected to provide problems.
In  running the simulations discussed in  this chapter, it  was evident that the 
intermediate and product species from  the second order reaction pathways were 
small in  comparison to the firs t order reactions. This implies that the model could be 
further sim plified by negating the combination o f two in itiated benzophenone 
molecules. The concentration o f photoinitiator in  this form ulation was only 0.4 wt% 
and therefore the probability o f two jo in ing  is low  in  both the model and the real 
system. This provides some indication on what effect the lim ita tion o f only allowing 
one m ultifunctional acrylate to take part in  the polymerisation reaction had on the 
model outputs. Due to the large number o f available H-sites w ith in  the system, 
typically an order o f magnitude larger than the m ultifunctional acrylate 
concentration, the polymerisation reaction is expected to stop once it  meets a suitable 
polymer site. This suggests that in  the real system the probability o f the radical 
terminating w itli the formation o f a crosslink is greater than the probability o f 
propagating through additional m ultifunctional acrylates. Subsequently, the one 
m ultifunctional acrylate lim ita tion is thought to remain acceptable.
An obvious lim ita tion to the model is the fact that it  does not incorporate radical 
diffusion or changes in  the viscosity o f the sample as it  crosslinks. As such, the 
model w ill never predict as much variation in the number o f crosslinks between 
formulations w ith  different m ultifunctional acrylate concentrations as there would be 
in  a real sample. In  the model, each o f the species are free floating rather than bound 
onto chains, therefore calculations are based on absolute numbers and the reaction 
w ill continue un til the entire concentration o f [B] is converted. In  a real sample, as 
the species become incorporated into a crosslink the polymer m atrix becomes more 
rig id  and this prevents some benzophenone molecules from  in itia ting a crosslink. 
The more mobile m ultifunctional acrylates there are in  the form ulation the less
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benzophenone molecules become trapped and the crosslink density increases. This 
can be seen by the difference between the GARField contrast and [B ] to [X L ] 
conversion in  Figure 8.15.
8.9 Conclusions
A basic numerical model has been written which was subsequently used to 
investigate the form ation o f crosslinks w ith  different concentrations o f 
m ultifunctional acrylate. The model was used to illustrate that increasing the 
m ultifunctional acrylate concentration led to an increase in  the number o f crosslinks 
formed. This data was found to have an uncertainty o f ± 10 % by comparing outputs 
from  a range o f reaction rate constants. The model data was also shown to correlate 
w ell to the degree o f contrast seen in  GARField profiles o f the coiTesponding 
formulations.
UV attenuation w ith in  the simulated sample was seen to produce a gradient in the 
rate o f form ation o f crosslinks w ith  depth. This indicates a non-uniform  depth o f 
cure, which appeal's at a maximum around ha lf way through the curing process. 
Beyond this period, the depletion o f photoinitiator in  the surface regions results in a 
slower rate o f cure than at the bottom o f the sample. Subsequently, the sample 
appeal's to have a uniform  depth o f cure once a ll o f the photoinitiator has been used 
up. This was seen as confirm ation that U V  attenuation was responsible fo r the non- 
uniform  depth o f cure observed in  some GARField profiles.
The model also showed the effects o f changing the cure regime from  continuous 
irradiation to a series o f shorter irradiations w ith a period o f inactiv ity between each 
one. I t  was shown that under continuous irradiation the molecular oxygen w ith in the 
sample is quickly used up and any inh ib ition occurs in  the firs t few seconds. 
However, when a series o f shorter irradiations w ith  a period o f 20 minutes inactivity 
between each is modelled, the oxygen concentration in the upper regions o f the 
sample has time to build up between irradiations. This build up inhibits the 
crosslinking reaction in  the upper 100 pm and therefore reduces the number o f 
crosslinks. This was seen as supporting the hypothesis that oxygen inhib ition was 
responsible fo r the small surface peak seen in  many o f the GARField profiles. 
Furthermore, the effects o f short iiTadiations led to the prediction that i f  very small
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doses are used in  conjunction w ith  long periods o f inactivity between irradiations, the 
build up o f molecular oxygen in  the sample would be sufficient to quench all the 
trip le t state benzophenone and prevent sample cure. This effect has also been seen in 
GARField profiles fo llow ing very short iiTadiations.
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Chapter 9
Further discussion and 
conclusions
9.1 Introduction
This chapter contains the key findings from  this research and includes a further 
discussion on each o f the preceding chapters w ith  focus on the aims and objectives 
discussed at the start. The rationale fo r this research was to further understanding o f 
a commercially available U V  cured acrylic adhesive developed by National Starch 
and Chemical through the use o f GARField magnetic resonance profiling. Specific 
aims were to spatially map the curing o f thin adhesive layers after U V  irradiation, to 
investigate how the curing regime affects the degree o f cure across these layers and 
to explore the affect o f varying the concentration o f m ultifunctional acrylates whose 
purpose is to increase the crosslink density. Since the adhesives are applied as hot 
melts in industrial applications, the requirement was to study the materials at both 
room and high temperatures.
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9.2 Further discussion
The fourth chapter o f this thesis details the development o f a new high temperature 
sample-mounting probe and a system to safely irradiate samples w ith  U V  ligh t in  
order to meet the firs t objective o f this research. Heating o f the sample was achieved 
using an o il-fille d  circulating heater w ith  two counter-wound coils o f w ire as heater 
elements. Although counter-winding these coils minimised unwanted magnetic 
fields, it  was necessary to incorporate a control unit into the heater circu it to isolate 
the heater during acquisition. The probe and heater was situated between the pole 
pieces o f the GARField magnet and consequently an active cooling system was 
needed to maintain a stable temperature, equal to that o f the room, at the face o f the 
poles. The constraint o f the space available fo r the probe and cooling system in  this 
position proved to be the lim iting  factor fo r prolonged use o f the heater. A llow ing 
the temperature o f the magnet to increase changes the fie ld  strength and therefore 
prevents consistent measurements. For this reason, the duration and maximum 
temperature o f high temperature measurements were restricted.
To accommodate the high temperature probe and magnet cooling system, the sample 
position had to be raised so that the ^H resonance frequency was 21 M Hz rather than 
the optimal 30 M Hz specified in  the original GARField design. As a consequence, 
the magnet fie ld  strength at this position was reduced and therefore the spatial 
resolution o f this probe was approximately 50% larger than fo r identical parameters 
on a 30 M Hz probe. As extremely high spatial resolution was not a p rio rity  in  this 
work, the moving o f the probe was seen as a good compromise to obtain the desired 
capability.
The U V irradiation was provided by a handheld metal halide lamp which produced
photons across the ultravio let spectmm. For reasons o f safety and reproducibility o f
dose rates, the lamp was enclosed in  a box, w ith  U V  exposures controlled through
the use o f a shutter. The magnetic fie ld  strength resulted in  the lamp being housed
approximately 650 mm above the sample position. As a consequence, the UVC
intensity at the sample was significantly less than in typical industiial applications
where the acrylic adhesive w ill be used. This was advantageous as low doses o f only
a few mJcm'^  UVC could be easily applied w ith the designed shutter system. The
capability o f irradiating w ith such low UVC intensities resulted in  oxygen inhib ition
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becoming an influencing factor, which was something not thought to be important by 
NSC due to the high viscosity o f the adhesive.
Chapter 5 begins w ith  relaxation analysis o f different components o f the acrylic 
adhesive form ulation to understand how the molecular dynamics change between 
uncured and cured samples. The T\ relaxation time was found to be sim ilar across 
each o f the different formulations indicating that the amount o f fast, high frequency 
motion such as small group rotations remained approximately constant w ith  UV 
dose. This was an expected result since the degree o f crosslinking which occurs in  a 
fu lly  cured adhesive would not restrict this high frequency motion.
Transverse relaxation, characterised by the time constant T2, is more indicative o f 
crosslink density and was seen to show a larger change w ith  U V  dose across the 
different formulations. The signal decay fo llow ing spin echo measurements in  some 
elastomeric materials is known to fo llow  a Gaussian-exponential decay [Blunder and 
Blum ich, 1997] due to the complex composition o f motions w ith in  a crosslinked 
material. The entire network segment can be described by slow isotropic motion, 
while the intercrosslinked chains that are fixed on both ends by chemical crosslinks, 
undergo fast anisotropic motion [Kuhn et aL, 1996]. Small, low  molecular weight 
molecules such as fille rs  and dangling chain ends behave sim ilar to liquids and may 
be characterised by an exponential decay. In  many semicrystalline thermoplastics, 
the Gaussian part o f the signal decay cannot be measured but two exponentials can 
be identified [Callaghan and Samulski, 1997; M axwell et a l,  2003; Kuhn et a l,  
2006]. Two components were extracted from  the NM R data o f the acrylic adhesive 
under study by fittin g  the measured CPMG decay w ith a two component exponential 
function. The quality o f this recorded data was lim ited by the m inimum echo time 
fo r the spectrometer, which was 80 ps. When coupled w ith a short T2 , this resulted in 
the acquisition o f only 32 echoes before the signal decayed. Consequently, fitting  the 
echo train decay w ith  a more complex mathematical function was not practical.
The GARField profiles at room temperature presented in  Chapter 5 show a good 
signal to noise ratio w ith a spatial resolution o f 16 pm across the adhesive layer. The 
parameters used to record these profiles were carefully optimised to achieve these 
standards. The profiles were obtained by firs t co-adding echoes in  a CPMG style
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echo train before Fourier transforming into frequency space, hence providing a 
measure o f distance. Co-adding the echoes, along w ith repeating the acquisition 
improves the signal to noise ratio. Consequently, fo r each acquisition it  was 
desirable to maximise the number o f echoes. The lim ita tion in  the total number o f 
echoes is the rate at which the signal decays due to T2 relaxation. Once the signal has 
fu lly  decayed, subsequent echoes only add noise to the measurement. Clearly, a 
short echo time must be chosen to maximise the number o f echoes prior to fu ll 
relaxation; however, the echo time is also related to spatial resolution. To achieve 
high spatial resolution, the echo must be sampled w ith  many points at close time 
intervals. Therefore, having a short echo time places a constraint on the number o f 
points which may be sampled. As a result, there must be a compromise between the 
spatial resolution and the number o f echoes recorded in the measurement. Both o f 
which are ultim ately related to the T2 o f the system under study. A  further, 
unavoidable reduction in  the spatial resolution by approximately 30% occurred due 
to the raising o f the probe to a position w ith  a reduced magnetic fie ld  gradient 
strength. This was necessary to accommodate the insulation and active cooling 
system as discussed previously.
Additional increases to the signal to noise ratio can be made by increasing the 
number o f acquisitions. However, a four fo ld  increase in the number o f acquisitions 
only provides a two fo ld  increase in  signal to noise ratio and therefore any gains are 
made at the cost o f much increased experiment durations. Each ‘measure -  irradiate 
-  measure’ cycle was conducted manually, which placed a lim ita tion on the 
maximum length o f any individual experiment set. For this reason, a repetition time 
o f 350 ms (-3.5 T\) w ith  2048 scans was chosen. This gave an acceptable signal to 
noise ratio and a measurement time o f the order o f 12 minutes.
These lim itations in  spatial resolution and signal intensity resulted in  the use o f 
thicker adhesive layers than would typ ica lly be used in their intended industrial 
application. This was however, seen as beneficial as it helped accentuate differences 
in  degree o f cure across the adhesive layer which may not have been observable in 
thin samples using this technique. Once optimised, GARField profiles were seen to 
be consistent in  terms o f the intensity and response to U V under the same conditions 
across each o f the different formulations. The experiments showed a high degree o f
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reproducibility reinforcing the statement that GARField magnetic resonance 
pro filing  is a robust technique. The only considerable d ifficu lties encountered were 
in  sample production: Namely, achieving thin adhesive layers which had parallel 
upper and lower surfaces. This was seen as unavoidable due to the request to NSC 
fo r samples w ith  200 gsm coating weight and the fact that samples were received 
adhered to backing liners. Unfortunately, no alternative method o f sample 
preparation was available.
Chapter 5 showed GARField magnetic resonance to be a good technique for 
measuring the degree o f cure w ith  depth in  thin acrylate samples. Due to the 
lim itations in  the minimum echo time achievable as discussed above, it  was not 
possible to in fer T2 times w ith  any accuracy directly from  the GARField profiles. 
The projection model method o f comparing GARField measurements w ith  those 
acquired on the bench top spectrometer was therefore a useful analysis tool. The 
method relied on the use o f the relaxation data to reconstmct the signal intensity as a 
function o f time w ith parameters equal to that used in  the GARField measurements. 
Good agreement between the two techniques were seen, leading to the conclusion 
that the contrast between cured and uncured profiles was due to the short T2 
component, which was assigned to the large molecular weight chains that form  the 
crosslinked network. A  noted exception was fo r the sample o f base resin w ith 20% 
tackifier, which produced no observable difference between uncured and cured 
profiles on GARField but a small difference on the bench top spectrometer. This 
was believed to be due to the fact that the bench top spectrometer could 
accommodate a larger sample volume and allowed fo r shorter echo time. As a result, 
the method was more sensitive to short T2 polymers.
Follow ing on from  the acquisition o f GARField profiles at room temperature, the 
sixth chapter in  this thesis investigated the affect o f the curing regime on the total 
degree o f cure in  adhesive layers. A  systematic study on samples o f fu ll form ulation 
UV4200 and samples o f base resin w ith  5% m ultifunctional acrylate showed that for 
individual doses o f 20 mJcm'^  UVC or greater, the total degree o f cure would be the 
same in  samples exposed to equal doses, regardless o f how many sepaiate 
irradiations were given. However, when individual doses o f just a few mJcm’  ^UVC 
were used, retardation in  the cure in the sample o f base resin w ith  5% m ultifunctional
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acrylate was seen. This was attributed to oxygen quenching the initiated 
benzophenone and thus inhib iting the curing reaction. Further proof o f this may 
have been achieved by curing the adhesive in  an inert atmosphere. Unfortunately 
there was no available capability to test this hypothesis. W hilst the presence o f 
oxygen in  the atmosphere was shown to reduce the efficiency o f photoinitiation, the 
result is not expected to affect the method o f curing in  industry as (i) much higher 
intensity U V  sources are used to flash cure the adhesive, and ( ii)  the end product, 
UV4200 contains additional photoinitiators which may not be quenched by oxygen.
Dark curing is w ell known in cationic polymerisation o f epoxide systems, and 
enables the formation o f highly crosslinked networks after only b rie f irradiation. 
Free radical curing systems used in  pressure sensitive adhesives, such as UV4200, 
are designed to generate a lower but known crosslink density after a planned UV 
dose. As a consequence, the adhesives are formulated such that no dark cure takes 
place. This was verified by recording a profile  at regular periods o f time over 
65 hours fo llow ing different in itia l U V  doses and no significant difference in  
GARField profile  intensities was seen.
Chapter 6 also presented the investigation into how the m ultifunctional acrylate 
concentration changes the degree o f cure w ith in  the adhesive film . Increasing the 
m ultifunctional acrylate concentration improved the signal intensity in  the GARField 
profile  due to the addition o f low  molecular weight, long T2 species. An increase in  
the contrast between uncured and cured profiles was also seen as a greater 
concentration o f m ultifunctional acrylates allows greater crosslink density. The 
small range o f 0-10% m ultifunctional acrylates was not able to defin itive ly show i f  
the crosslink density fo llow ing curing varied linearly w ith  the concentration o f 
m ultifunctional acrylate. I t  is believed that as the percentage o f m ultifunctional 
acrylates in  a sample increases, the concentration o f benzophenone molecules per 
sample volume decreases, so that the degree o f cure and hence GARField contrast 
should begin to plateau. National Starch and Chemical could not formulate samples 
w ith greater that 10 wt% m ultifunctional acrylate so this could not be verified. The 
increase in  profile intensity afforded by the increased m ultifunctional acrylate 
concentration highlighted how sensitive the GARField technique could be to changes 
in  crosslink density w ith  thin samples that have sufficiently long T2.
218
C h a p te r  9; F u r th e r  D iscussions  a n d  Co n c lu s io n s
The seventh chapter o f this thesis presents the firs t use o f the new high temperature 
sample mounting probe to determine the affect heating has on: (i) the adhesive 
material itself, ( ii) the rate o f curing o f the adhesive sample, and ( iii)  the fina l degree 
o f cure. This was important as the adhesive is applied at approximately 120“C in 
typical industrial applications. Relaxation studies on the bench top spectrometer were 
conducted prior to recording high temperature GARField profiles. As there was no 
capability fo r heating the adhesive sample during the relaxation measurement, 
samples were cured at 80°C externally using a hot plate and then measured at room 
temperature. 80°C was chosen as the samples were cured w hilst they were adhered 
to the Cotek backing liner, which was known to degrade at temperatures beyond 
90“C. The PET liner could sustain higher temperatures, but as it  would have resulted 
in  less adhesive mass per sample volume and therefore a decrease in  the observed 
signal intensity, the decision was made not to use it. As the relaxation measurement 
was made at room temperature it  is perhaps not surprising to find the relaxation times 
were the same as those obtained in  Chapter 5. W hilst this experiment provided little  
insight into relaxation as a function o f temperature, the results showed that the 
physical properties obtained by U V irradiation which are infeiTed through NMR 
observable parameters, were identical regardless o f whether the sample was cured at 
20°C or 80°C. It was concluded that heating the sample produced no detrimental 
effects as seen through NM R measurements. The use o f the hot plate in the 
calibrated dose position required the removal o f the GARField magnet, which is a 
non-trivia l task. Subsequently, the experiment was not repeated fo r different 
temperatures.
It was hypothesised that the T2 relaxation times fo r an adhesive sample would 
increase as the molecular m obility increases due to sample heating. As a 
consequence, there would be more signal in  the later echoes o f the CPMG style echo- 
train used to acquire GARField profiles and therefore profile intensity w ill also 
increase w ith temperature. This was proven in  Chapter 7 when GARField profiles of 
an uncured and a fu lly  cured sample o f base resin w ith 5 wt% m ultifunctional 
acrylate and 1 wt% additional photoinitiators were measured as a function o f 
temperature. An 8 fo ld  increase in  signal intensity was observed fo r samples 
measured at 100“C compared to 20“C.
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An additional hypothesis was that i f  the motion is thermally activated, there may be a 
temperature where the molecular m obility is so dominated by thermal motion that 
small changes in  the crosslink density caused by UV curing cannot be detected 
through GARField profiling. W hilst a complete masking o f sample cure due to this 
effect was not measured, a large reduction in  contrast between cured and uncured 
samples was seen w ith increasing temperature. From Figure 7.3 and 7.4, it  is 
believed that i f  profiles were obtained at temperatures beyond 120°C the differences 
in  profile  intensity between cured and uncured samples would be negligible. 
Measurements beyond lOO'C were not made to preserve the high temperature probe 
and to avoid damage to the GARField magnet as a result o f heating.
The remaining studies w ith in  Chapter 7 investigated the effects o f high temperature 
on both the rate o f cure and the fina l degree o f cure w ith in  the adhesive layer. 
D ifferent samples o f the same form ulation were irradiated and measured on 
GARField at 20°C w ith doses coiTesponding to those in Chapter 5, prior to heating 
and acquiring a second set o f profiles at 60“C. This enabled the observed contrast at 
each dose to be compared fo r the two temperatures. 60°C was chosen as it is a mid 
range temperature which the high temperature probe could achieve and therefore 
helps preserve the probe and allows the active cooling system to maintain the magnet 
at ambient temperature long enough to obtain the required measurements. The 
formulations chosen fo r this experiment were base resin w ith  5 wt% m ultifunctional 
acrylate and base resin w ith  5 wt% m ultifunctional acrylate and 1 wt% additional 
photoinitiator. These were chosen as they produced the largest contrast between 
cured and uncured layers o f each o f the formulations. The base resin w ith  5 wt% 
m ultifunctional acrylate and 1 wt% additional photoinitiator form ulation may be 
in itiated by photons from  the whole U V  spectrum and thus cures w ith  a smaller UVC 
dose than the base resin w ith  5 wt% m ultifunctional acrylate only. The profiles for 
both formulations confirmed the decrease in  contrast seen at elevated temperatures 
illustrated in the earlier part o f the chapter and showed that approximately a 50% 
reduction in  contrast fo r samples irradiated w ith  equal doses was observed when 
measuring at 60°C compared to 20°C.
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Follow ing on from  this experiment, further samples were then cured at 60°C. The 
same dose sizes were used and samples were firs t measured at 20°C and then heated 
at 60°C. Each sample was then measured uncured once more before being irradiated 
and measured post U V  exposure. The samples were then allowed to cool and were 
then measured at 20°C fo r a fina l time. The formulations chosen were the base resin 
w ith  5 wt% m ultifunctional acrylate, base resin w ith  5 wt% m ultifunctional acrylate 
and 1 wt% additional photoinitiator and the fu ll form ulation UV4200. The profiles 
o f each form ulation showed that the U V  inadiation was more efficient at curing the 
sample at 60°C compared to 20°C and that a more uniform  deptli o f cure was 
achieved fo r lower doses when irradiation occuned at 60“C. This was attributed to 
the temperature increasing the m obility o f the reactive groups produced by 
photoinitiation and therefore allows the free radicals to diffuse through the polymer 
more easily. This improves the efficiency o f converting the benzophenone molecule 
as reported by Andrzejewska (2001) and Scherzer, et al (2002a). Furthermore, the 
contrast o f the fu lly  cured samples when measured at 20°C fo llow ing U V  inadiation 
at 60°C was consistent w ith those inadiated at 20°C. This was seen as confirmation 
that heating the adhesive to 60“C and 80“C does not change its physical properties 
inferred through NM R measurements.
Chapter 8 describes the development and use o f a numerical model which was used 
to enhance understanding o f the controlling factors behind the curing o f adhesive 
samples. The model addressed some o f the features observed in  GARField profiles, 
such as the non-uniform depth o f cure, the greater crosslink density w ith  increased 
concentration o f m ultifunctional acrylates and the effects o f oxygen inhib ition. To 
fu lly  simulate the complex free radical polymerisation mechanisms which occur 
during the curing o f the adhesive, a detailed kinetic model would normally be 
required. This was deemed far beyond the scope o f this study and therefore a 
numerical approach was developed where absolute concentrations o f in itia l, 
intermediate and product species, which arise as a result o f the different reaction 
pathways, were calculated. Only the base resin w ith m ultifunctional acrylates 
form ulation was modelled. This was chosen fo r two reasons: (i) sim plification o f the 
model; additional reactive species w ith in  the form ulation would have created many 
more pathways and would have been very d ifficu lt to simulate using this technique, 
and (ii) the features such as non-uniform  depth o f cure and oxygen inhib ition neai*
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the surface which the model aims to help interpret were more prevalent w ith  this 
formulation.
One o f the more d ifficu lt aspects o f the model was defining the reaction rate 
constants which governed each o f the processes. These constants were selected from  
published values after an extensive literature survey o f sim ilar reactions. In  most 
cases only the order o f magnitude was important and therefore averaged values from  
a number o f different sources were used. The validation fo r these chosen values 
arose from  in itia l tests which showed that the simulated curing reaction occuned on 
sim ilar timescales to those observed on GARField and that there was no unrealistic 
build up o f highly reactive free radical species.
A  major lim ita tion o f the type o f model used in  this project was that radical diffusion 
or changes in the viscosity o f the sample as the adhesive crosslinks could not be 
incorporated. Consequently, the modelled reaction continued un til a ll the 
benzophenone was converted, where as in  actual fact the benzophenone molecules 
would become restricted as the crosslink density increased. This led to differences in  
the crosslink density produced by the model and the amount o f contrast between 
cured and uncured samples seen in  GARField profiles. Despite this lim itation, the 
model showed that the period o f time between consecutive mediations typically used 
in  the experiments detailed in  Chapters 5 and 6, was sufficient to allow oxygen to 
build up in  the upper 100 pm o f the sample and subsequently retard the curing 
reaction. U V  attenuation w ith in  the adhesive layer was also shown to generate a 
non-uniform  depth o f cure.
9.3 Summary of key findings
• The longitudinal relaxation times, T\ remained sim ilar between the uncured and 
cured samples fo r a ll o f the formulations indicating that the fast, high frequency 
motion and small group rotation / dynamics do not change significantly fo llow ing 
U V iiTadiation.
• The transverse relaxation times, T2 fo r each form ulation were seen to decrease 
fo llow ing U V irradiation, demonstrating reduced polymer chain m obility and 
therefore an increase in  crosslink density as the adhesive cures.
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The GARField profile  intensity is strongly weighted by transverse relaxation and 
showed varying degrees o f cure fo r different adhesive formulations. The largest 
contrast between uncured and cured layers was seen fo r formulations w ith the 
highest concentration o f base resin and m ultifunctional acrylates.
Increasing the concentration o f m ultifunctional acrylates allowed fo r the creation 
o f a more crosslinked polymer network, seen as a larger degree o f cure in 
GARField profiles and a larger change in  T-z, seen in  relaxation measurements.
The reduction o f GARField profile  signal intensity demonstrated a non-linear 
response to UVC dose. The formation o f crosslinks was seen to be more efficient 
at the start o f the reaction.
The addition to the adhesive form ulation o f 1 wt% o f a photoinitiator which can 
be initiated by photons from  the whole U V  spectrum produced a more uniform  
depth o f cure as each wavelength is attenuated by different thicknesses o f sample.
The presence o f tackifying resins at 20wt% in  the form ulation reduced the 
profile  signal intensity and contrast between cured and uncured layers. This was 
attributed to the tackifying resins swelling the polymer and possibly reacting w ith 
the photoinitiated species.
Irradiating the adhesive w ith  a succession o f dose steps greater than 20 mJcm'^  
UVC proved to have no effect on the fina l degree o f cure. Much smaller 
individual dose steps were shown to produce a smaller degree o f cure fo r equal 
total doses, which was seen as evidence for oxygen inhibition.
No dark cure reactions were observed in  adhesive samples measured over a 
prolonged period o f time fo llow ing a single U V  dose.
No discernable differences in  physical properties as infeiTed through NM R 
relaxation times and GARField profiles were seen in  measurements made at 
room temperature fo r samples heated to 80°C and 60°C.
U V irradiation at 60°C was shown to be more efficient at curing the adhesive. 
This was attributed to an increased m obility o f photoinitiated free radicals species 
when heated.
A  numerical model o f the base resin w itli m ultifunctional acrylate form ulation 
was developed using ID L. This showed good correlation between the crosslink
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density and the degree o f cure seen in  GARField profiles fo r different 
m ultifunctional acrylate concentrations.
•  The model showed that the non-uniform depth o f cure observed in  some 
GARField profiles could be credited to UVC attenuation w ith in  the adhesive 
layer.
•  The fina l crosslink density and hence degree o f cure w ith in an adhesive layer was 
also shown to be dependent on the curing regime: Small, infrequent doses, 
allowed oxygen diffusion to inh ib it the curing reaction.
9.4 Future work
The fina l network configuration o f a crosslinked adhesive m ight contain pendant 
chains, trapped entanglements and closed loops as w ell as the inter-crosslinked 
network. Ideally, it  would be useful to determine how each o f these influences the 
macroscopic properties o f the sample. Entanglements would expect to be loose and 
therefore distinct from  permanent chemical crosslinks. One o f the clear lim itations 
o f GARField magnetic resonance pro filing  evident in  this work was the relatively 
low  sensitivity o f the technique to small changes in  crosslink density w ith in  the 
adhesive layers. Previous applications o f GARField pro filing  to systems w ith longer 
72, have shown the technique to be highly sensitive to changes in  molecular m obility 
[W allin  et a l,  2000; Hellgren et a l,  2001; Gorce et a l,  2002; Bennett et a l,  2003]. 
Continued investigation into the curing o f acrylic adhesives would therefore be 
expected to develop methodologies to improve the contrast between cured and 
uncured samples.
W hilst 72 is known to be proportional to crosslink density there is a need to be able 
to detemiine the value quantitatively. The magnetisation decay in  spin echo 
experiments is caused mainly by the intermolecular dipole-dipole interactions o f 
protons. In  liquids, this interaction is averaged out completely by fast statistical 
molecular motion. However, in  polymer networks at temperatures above the glass 
transition temperatures, a certain fraction remains. T liis residual dipolar coupling 
can be used to determine the absolute cross-link density w ith in the polymer [Sotta et 
a l,  1996; M axwell and Balazs, 2002; Kuhn et a l,  2006]. The technique relies on the 
ab ility to f it  a Gaussian-exponential function to relaxation data obtained by spin echo
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experiments. The fu ll relaxation function, given in  Blum ler and Blum ich (1997), is 
too complex to f it  to experimental data sets and therefore the function is generally 
sim plified fo r practical purposes. Nevertheless, good statistical data is required for 
accurate fittin g  and measurements are typ ica lly made at high magnetic fields.
Kuhn, et al. (2006) detail the analysis o f a sample o f natural rubber; firs t a 
measurement o f the uncured rubber is made to reveal the “physical cross-link 
density” , attiibuted to chain entanglements. The experiment was then repeated on the 
sample post cure to provide the total cross-link density, concluding that the chemical 
cross-link density is simply the difference between the two values. I t  is not clear 
whether this approach could be used on the U V  curing acrylic adhesives supplied by 
NSC i f  data could be acquired w itli sufficient statistics. This was not possible on 
GARField or the bench top spectrometer as the Gaussian part o f the decay could not 
be identified, but perhaps this could be achieved using high fie ld  techniques such as 
STRAFi. However, the relative d ifficu lty  in  curing samples in-situ detracts from  
high fie ld  spatially resolved methods.
A  related technique fo r studying the residual dipolar coupling, known as M ultip le  
Quantum (MQ) NM R has also been used to study crosslinked elastomers. As 
crosslinks form  w ith in  an adhesive, the system is expected to become more ordered. 
As this occurs, the molecular motion becomes more anisotropic and as stated above, 
the dipolar interactions are no longer averaged to zero. In  such cases, M Q coherences 
can be formed. Double Quantum Filtered (DQF) NM R is a technique which detects 
only the signal from  molecules experiencing anisotropic motion. As the large 
isotropic signal is filtered out, small residual couplings may be detected. D ipolar 
couplings measured in  this way are seen to be more sensitive to the crosslink density 
compared to transverse relaxation times [Saalwachter, 2007].
A  lim ita tion o f the original DQF NM R technique is that true 90° pulses aie required 
to excite DQ coherences and reconvert them back into single coherences for 
measurement. In  a strong magnetic fie ld  gradient such as GARField, each region o f 
the sample experiences different pulse angles so DQF would not be possible. To 
date, only two publications have been identified where DQF NM R in  
inhomogeneous magnetic fields has been achieved: [Wiesmath et a l,  2001;
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Wiesmath et a l,  2002]. The firs t o f these showed that low  fie ld  DQF measurements 
o f natural rubber made using the NM R MOUSE coiTelated w ell w ith the original 
high fie ld  measurements. I t  is therefore believed that the technique could be applied 
w ith  equal success to GARField magnetic resonance, despite the sti'onger fie ld  
gradient. However, fo r the technique to fu lly  replace the methods used in  this work, 
it  would be necessary to significantly improve on the method so that residual dipolar 
couplings could be spatially resolved w ith in  a thin adhesive layer, rather than just a 
measurement o f the bulk sample. The degree o f d ifficu lty  o f this task is perhaps 
reflected in  the vast numbers o f NM R microscopy publications which continue to 
characterise materials by transverse spin relaxation and not residual dipolar 
couplings.
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Appendix A
Relaxation measurements fo r each o f the formulations supplied by National Starch 
and Chemical on three different liner materials. These results were averaged 
together and presented in  Table 5.2 and Table 5.4 for longitudinal relaxation and 
transverse relaxation, respectively.
Sample
Formulation
Liner UVC Dose 
(mjcm"^)
Mo 
(arb. units)
a Ti
(ms)
Base Resin Cream 0 2910 1.96 84 ± 1
Base Resin Cream 200 2710 1.97 85 ± 1
Base Resin White 0 2870 1.95 85 ± 1
Base Resin White 200 2810 1.96 87 ± 1
Base Resin PET 0 2680 1.97 85 ± 1
Base Resin PET 200 2440 1.92 87 ±1
Base Resin + Multifunctional Acrylates Cream 0 2770 1.95 8 0 + 1
Base Resin + Multifunctional Acrylates Cream 200 2560 1.94 9 0 + 1
Base Resin + Multifunctional Acrylates White 0 2810 1.95 83 + 1
Base Resin + Multifunctional Acrylates White 200 2480 1.91 9 0 +1
Base Resin + Multifunctional Acrylates PET 0 2640 1.98 81 + 1
Base Resin + Multifunctional Acrylates PET 200 2460 1.96 92 ± 1
Base Resin + Tackifier Cream 0 2410 1.94 96 ± 1
Base Resin + Tackifier Cream 200 2330 1.95 9 7 + 1
Base Resin + Tackifier White 0 2420 1.93 9 7 + 1
Base Resin + Tackifier White 200 2280 1.92 9 9 + 1
Base Resin + Tackifier PET 0 2200 1.96 9 7 + 1
Base Resin + Tackifier PET 200 2180 1.94 100+1
Full Formulation UV4200 Cream 0 2250 1.93 9 6 + 1
Full Formulation UV4200 Cream 200 2030 1.94 104+1
Full Formulation UV4200 White 0 2280 1.94 100+1
Full Formulation UV4200 White 200 2110 1.94 104+1
Full Formulation UV4200 PET 0 1540 1.79 101 ±  1
Full Formulation UV4200 PET 200 1930 1.94 107 + 1
Cream Cotek Liner Cream - 220 1.56 110 + 10
White Cotek Liner White - 380 1.80 125 + 6
PET Liner PET - 95 1.73 397 ± 54
PTFE Tape - - - - -
Table A .l; Magnetisation and relaxation parameters following an inversion recovery 
experiment for each of the formulations averaged for each liner. Values are produced from the 
best fits to equation 4.2 found using a Levenberg-Marguardt algorithm to solve non-linear 
problems. Random noise was added to the data and 5 replicates analysed. Quoted errors are 
based on standard deviations of the fits.
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Appendix B
GARField profiles o f seven samples o f base resin w ith 5 wt% m ultifunctional 
acrylates measured at 20°C and 60°C. Each sample was irradiated at 60°C. Average 
intensities quoted in  Table 7.7
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Figure B .l: GARField profiles of seven samples of base resin with 5 wt% multifunctional 
acrylates measured uncured at 20°C. Quoted doses are estimated UVC doses. The spatial 
resolution is 16pm.
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Figure B.2: GARField profiles of seven samples of base resin with 5 wt% multifunctional
acrylates measured at 20°C following irradiation at 60°C. Quoted doses are estimated UVC
doses. The spatial resolution is 16pm.
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Figure B.3: GARField profiles of seven samples of base resin with 5 wt% multifunctional 
acrylates measured uncured at 60°C. Quoted doses are estimated UVC doses. The spatial 
resolution is 16pm.
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Figure B.4; GARField profiles of seven samples of hase resin with 5 wt% multifunctional
acrylates measured at 60°C following irradiation at 60°C. Quoted doses are estimated UVC
doses. The spatial resolution is 16pm.
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GARField profiles o f eight samples o f base resin w ith 5 wt% m ultifunctional 
acrylates and 1 wt% additional photoinitiator measured at 20°C and 60°C. Each 
sample was inadiated at 60°C. Average intensities quoted in  Table 7.9.
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Figure B.5: GARField profiles of eight samples of base resin with 5 wt% multifunctional 
acrylates and 1 wt% additional photoinitiator measured uncured at 20°C. Quoted doses are 
estimated UVC doses. The spatial resolution is 16pm.
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Figure B.6; GARField profiles of eight samples of base resin with 5 wt% multifunctional 
acrylates and 1 wt% additional photoinitiator measured at 20°C following irradiation at 60°C. 
Quoted doses are estimated UVC doses. The spatial resolution is 16pm.
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Figure B.7: GARField profiles of eight samples of base resin with 5 wt% multifunctional 
acrylates and 1 wt% additional photoinitiator measured uncured at 60°C. Quoted doses are 
estimated UVC doses. The spatial resolution is 16pm.
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Figure B.8: GARField profiles of eight samples of base resin with 5 wt% multifunctional
acrylates and 1 wt% additional photoinitiator measured at 60°C following irradiation at 60°C.
Quoted doses are estimated UVC doses. The spatial resolution is 16pm.
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GARField profiles o f eight samples o f fu ll form ulation UV4200 measured at 20°C 
and 60°C. Each sample was irradiated at 60°C. Average intensities quoted in  Table 
7.11.
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Figure B.9: GARField profiles of eight samples of full formulation UV4200 measured uncured 
at 20°C. Quoted doses are estimated UVC doses. The spatial resolution is 16pm.
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Figure B.IO: GARField profiles of eight samples of full formulation UV4200 measured at 20°C 
following irradiation at 60°C. Quoted doses are estimated UVC doses. The spatial resolution is 
16pm.
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Figure B .ll:  GARField profiles of eight samples of full formulation UV4200 measured uncured 
at 60°C. Quoted doses are estimated UVC doses. The spatial resolution is 16pm.
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Figure B.12: GARField profiles of eight samples of full formulation UV4200 measured at 60°C 
following irradiation at 60°C. Quoted doses are estimated UVC doses. The spatial resolution is 
16pm.
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Appendix C
Numerical model code written in  Interactive Data Language (ID L),
PRO Thesismodel_depth
; Thesis Model with depth outputs. - Concentrations in mMol L-1,; outputs in Mol L-1; Models base resin with oligomer with full reaction set. Initiation ; loop (s scale),; 02 quenching loop (ns scale), Reaction loop (us scale). Spatial ; values for concentrations.; Includes pulsed irradiation.
; Written by Simon A. Pitts, September 2008.
openw, lun, 'depth_output.txt', /get_lun
Define variables and sample details for concentration calculations.
h =6.626E—34 0=2.998E8 Na=6.022E23
wavelength=250.OD power=3.OD
thickness=100.OD weight=50.OD
benzo=0.4D olig=5.ODresin=100.0D -benzo-olig
EUV=(h*c)/ (wavelength*!.OE-9)NUV=power/(EUV*1000)
flux=NUV/NA
1 = (flux/(0.001D*thickness*lE-4))*1000.OD
Planck's constant [Js-1]Speed of light [ms-1] Avogadro's constant [mol-1]
Photon wavelength in [nm]UV lamp power [mWcm-2]
Sample thickness [urn]Measured sample weight [mg]
Benzophenone [wt%] multifunctional acrylate [wt%] Base resin [wt%]
Photon energy [J]Number of photons [photons s-1 cm-2]Flux [mol s-1 cm-2]or [einstein s-1 cm-2]Flux [mEin L-1 s-1]
Pmol=((Na/300.0D)* (weight/lOOO.OD)* (resin/100.OD)) Bmol=((Na/182.OD)*(weight/1000.OD)* (benzo/lOO.OD)) Mmol=((Na/200.OD)* (weight/1000.OD)*(olig/100.OD))
; Number of H sites wt ; Number of Benzophenone wt ; Number of Oligomers wt
Pc=(Pmol/Na/(0.001D*thickness*lE-4))*1000.OD ;H Cone. [mMol L-1]Bc=(Bmol/Na/(0.001D*thickness*lE-4))*1000 , OD ;Benzophenone cone. [mMol L-1] Mc=(Mmol/Na/(0.00lD*thickness*lE-4))*1000.OD ; Oligomer cone. [mMol L-1]
extinct=(6.0D)*(1/1000.0D) ;Extinction Coefficient [L mMol-1 cm-1] ; estimated from -90% tranmittance when ; measured using UGLab UV meter.
absorb=extinct*(thickness/10000.OD)*(Bc+Pc+Mc) ; Absorbance [Dimensionless]
oxygen=(0.0012D)*1000.OD
D=3.0E-12nmax=12dx=(thickness*!.OE-6)/nmax
; Oxygen cone. [mMol L-1] (ref: Gou et al)
;Diff . coef. [m2 s-1] (ref. Wallin et al) ; Number of distance steps (max=12); distance step size (spatial resolution)
cutoff=l.OE-30 /Minimum concentration [mMol L-1]
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/ Define initial variables for depth array.
B=make_array(nmax)P=make_array(nmax)M=make_array(nmax)Oxy=make_array(nmax)dOxy=make_array(nmax)uv=make_array(nmax)BT=make_array(nmax)BH=make_array(nmax)R=make_array(nmax)
BBTl=make_array(nmax)BBT2=make_array(nmax)BBT3=make_array(nmax)BBH=make_array(nmax)BBTMl=make_array(nmax)BBTM2=make_array(nmax)BBM=make_array(nmax)BBMM=make_array(nmax)Pin=make_array(nmax)
XL2=make_array(nmax)XLM2=make„array(nmax)XL3=make_array(nmax)XLM3=make_array(nmax)XLM4=make_array(nmax)XL=make_array(nmax)dead=make_array(nmax) /Terminated BH and R species.
for n=0, nmax-1 do begin
B[n]=BcP[n]=PcM [n ]=McOxy[n]=0.OD/oxygendOxy[n]=0.ODUV[n]=I*exp(-absorb*n/nmax) /UV following Beer-Lambert LawBT[n]=O.OD / (*c-o*)BH[n]=O.OD / (*C-0H)R[n]=O.OD ; (P*)
BBTl[n]=O.OD / (*C-0-C-0*)BBT2[n]=O.OD / (*C-0-0-C*)BBT3[n]=O.OD / (*0-C-C-0*)BBH[n]=O.OD / (*C-0-C-0H)BBTMl[n]=0.OD / (*M-C-0-C-0*)BBTM2[n]=0.OD / (*C-0-C-0-M*)BBM[n]=O.OD / (*M-C-0-C-0H)BBMM[n]=0.OD / (*M-C-0-C-0-M*) or (*M-0-C-C-0-M*)Pin[n]=0.OD / (HO-C-C-OH) = Pinacol
XL2[n]=O.OD / (B-P)XLM2[n]=O.OD / (B-M-P)XL3[n]=O.OD / (P-B-B)XLM3[n]=O.OD / (P-M-B-B)XLM4[n]=O.OD / (P-B-B-M-P) or (P-M-B-B-M-P)XL[n]= (XL2[n]+XLM2[n]+XL3[n]+XLM3[n]+XLM4[n]) /Total xlink cone.dead[n]=0.OD / (H-C-O-H or =CH2)endfor
Ox y [0]=oxygen /Fixed 02 concentration at surface layer
Define times steps and rate constants in unites of [L mMol-1 s-1].User inputs maximum number of times steps for initiation (i), 02 quenching (ox) , reaction (r)and waiting/measuring loops and time steps in seconds.
ti=0tox=0tr=0tw=0time=0
; Initiation counter ; Oxygen quenching counter /Reaction counter /Waiting/measuring counter /Number of irradiations counter,
timax=100 /max time steps (initiation) 
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toxmax=100 ;max time steps (quenching) (BT <1% after lus)trmax=100 /max time steps (reaction). Max=145twmax=0 /max time steps (waiting/measuring)timemax=l /Total number of irradiations.
dti=10.OD /initiation scale = Isdtox=0.00000001D /quenching scale = 10nsdtr=0.OOOOOID /reaction scale = lus
diff=(D*dti) / (dx^'2) /constant used in diffusion calculations.f=0.74D /Initiation efficiency factor/ (ref: Demas and Crosby,1971)
alpha=f/Bebetal=(f/Bc)/30.0Dbeta2={f/Be)/30.ODbeta3={f/Bc)/30.0Dbeta=betal+beta2+beta3gamma=5.0E6 /(ref. Average of 5 Literature Values)deltal=l.0E2 /(ref. E.J.Land,1968)delta2=l.0E2delta3=1.0E2delta4=0.0D;5.9E4 /(ref. Beckett+Porter)disp=l.0E4 /Okay 2000. (1E7 Mol) -t- should be ~etal rate.epsilon=100.OD / (range from I - 1E3: 50 good)etal=l.0E4 /Literature average. (1E7 Mol)eta2=l.0E4thetal=l•0E4theta2=l.0E4theta3=theta2 /Both involve 2*R's and BBM/BBMM (approx =)
lambdal=epsilon/2.ODlambda2=epsilon/2.ODlambda=lambdal+lambda2mu=l.OD
; Sets up output array , prints headings and t=0 values to it.
output=make_array(nmax ,25)
Slice=l /Selects which "slice" of n to output.species=6 /Selects which species to output in n array
;printf, lun, ' Ti Tox Tr B P M Oxy BT BH R BBTl BBT2 BBT3 BBH BBTMl BBTM2 BBMBBMM Pin XL2 XLM2 XL3 XLM3 XLM4 XL'printf, lun, ' Ti Tox Tr xl x2 x3 x4 x5 x6 x7 x8 x9 xlO xll xl2 '
for n=0, nmax--1 do begin
output n 0]=(ti*dti)output n 1]=(tox*dtox)output n 2]=(tr*dtr)output n 3]=(B[n])/lOOO.ODoutput n 4]=(P[n])/lOOO.ODoutput n 5]=(M[n])/lOOO.ODoutput n 6]=(0xy[n])/lOOO.ODoutput n 7]=(BT[n])/lOOO.ODoutput n 8]=(BH[n])/lOOO.ODoutput n 9]=(R[n])/lOOO.ODoutput n 10]=(BBT1[n])/lOOO.ODoutput n 11]=(BBT2[n])/lOOO.ODoutput n 12]=(BBT3[n])/lOOO.ODoutput n 13]=(BBH[n])/lOOO.ODoutput n 14]=(BBTMl[n])/lOOO.ODoutput n 15]=(BBTM2[n])/lOOO.ODoutput n 16]=(BBM[n])/lOOO.ODoutput n 17]=(BBMM(n])/lOOO.ODoutput n 18]=(Pin[n])/lOOO.ODoutput n 19]=(XL2[n])/lOOO.ODoutput n 20]=(XLM2[n]}/lOOO.ODoutput n 21]=(XL3[n])/lOOO.ODoutput n 22]=(XLM3[n])/lOOO.ODoutput n 23]=(XLM4[n])/1000.0Doutput n 24.] = (XL[n] ) /lOOO.OD
endfor
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;printf, lun, output[slice,*], format=’(25dl8.12)'printf, lun, output[0,0],output[0,1],output[0,2], output[*,species], format='(20dl8.12)'
Initiation loop (time scale = seconds).
for time=l, timemax do begin 
for ti=l, timax do begin 
for n=0, nmax-1 do begin 
; Calculates changes.dB= ( (-alpha*uv [n] *B [n] ) - (beta* (uv[n]''2)*(B[n]^2))) *dti dBT= (+alpha*uv [n] *B [n] + (beta2* (uv [n] "~2) * (B [n] ^ 2) ) ) *dti dBBTl=(+betal*(uv[n]"2)*(B[n]"2))*dtidBBT2=( (+beta2* (uv [n] -^ 2 ) * (B [n] ''2) ) - (beta2* (uv[n] ''2) * (B [n] ^ '2) ) ) *dti dBBT3=(+beta3*(uv[n]^2)*(B[n]^2))*dti
; Applies changes.B [n] =B [n] +dB BT[n]=BT[n]+dBT BBTl [n]=BBT1[n]+dBBTl BBT2[n]=BBT2[n]+dBBT2 BBT3[n]=BBT3[n]+dBBT3
; Writes changes, output[n,0]=(ti*dti) output[n,1]=0.OD output[n,2]=0.OD output[n,3]=(B[n])/1000.0D output[n,4]=(P[n])/10Q0.QD output[n,5]=(M[n])/1000.0D output[n,6] = (Oxy[n])/1000.00 output[n,7]=(BT[n])/1000.0D output[n,8]=(BH[n])/lOOO.OD output[n,9]=(R[n])/lOOO.OD output[n,10]=(BBT1[n])/lOOO.OD output[n,11]=(BBT2[n])/lOOO.OD output[n,12]=(BBT3[n])/lOOO.OD output[n,13]=(BBH[n])/lOOO.OD output[n,14]=(BBTMl[n])/lOOO.OD output[n,15]=(BBTM2[n]>/lOOO.OD output[n,16]=(BBM[n])/lOOO.OD output[n,17]=(BBMM[n])/lOOO.OD output[n,18]=(Pin[n])/lOOO.OD output[n,19]=(XL2[n])/lOOO.OD output[n,20]=(XLM2[n])/1000.0D output[n,21]=(XL3[n])/lOOO.OD output[n,22]=(XLM3[n])/1000.0D output[n,23]=(XLM4[n])/lOOO.OD output[n,24]=(XL[n])/1000.0D
endfor ;n loop.
;printf, lun, output[slice,*], format='(25dl8.12)'printf, lun, output[0,0],output[0,1],output[0,2], output[*,species], format='(20dl8.12)'
Oxygen quenching loop (time scale = nano-seconds)
for tox=l, toxmax do begin
for n=0, nmax-1 do begin
; Calculates changes. dOxy[n]= (-gamma*BT[n]*Oxy[n])*dtox dBT=((-gamma*BT[n]*Oxy[n]))*dtox dB=((+gamma*BT[n]*Oxy[n]))*dtox
dBBTl=((-gamma*BBTl[n]*Oxy[n]))*dtox dBBT2=((-gamma*BBT2[n]*Oxy[n]))*dtox dBBT3=((-gamma*BBT3[n]*Oxy[n]))*dtox
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; Applies changes.if Oxy[n] le cutoff then beginOxy[n]=0.ODendif else beginO x y [n ]=Oxy[n ]+dOxy[n ]endelse
Ox y [0]=oxygen B [n] =B [n] +dB BT[n]=BT[n]+dBT BBTl[n]=BBT1[n]+dBBTl BBT2 [n]=BBT2[n]+dBBT2 BBT3[n]=BBT3[n]+dBBT3
; Constant surface concentration,
; Writes output[ output[ output[ output [ output[ output i output[ output[ output[ output i output[ output[ output [ output [ output [ output[ output[ output[ output[ output [ output[ output[ output[ output [ output[
endfor
changes0]={ti*dti)1]=(tox*dtox>2]=0.0D3]=(B[n])/lOOO.OD4]=(P[n]>/lOOO.OD5]=(M[n])/lOOO.OD6]=(0xy[n])/lOOO.OD7]=(BT[n])/lOOO.OD8]=(BH[h])/lOOO.OD9]=(R[n])/lOOO.OD10]=(BBT1[n])/lOOO.OD11]=(BBT2[n])/lOOO.OD12]=(BBT3[n])/lOOO.OD13]=(BBH[n])/lOOO.OD14]=(BBTMl[n])/lOOO.OD15]=(BBTM2[n])/lOOO.OD16]=(BBM[n])/lOOO.OD17]=(BBMM[n])/lOOO.OD18]=(Pin[n])/lOOO.OD19]=(XL2[n])/lOOO.OD20]=(XLM2[n])/lOOO.OD21]=(XL3[n])/1000.0D22]=(XLM3[n])/lOOO.OD23]=(XLM4[n])/lOOO.OD24]=(XL[n])/lOOO.OD
;n loop.
;printf, lun, output[slice,*], format='(25dl8.12) printf, lun, output[0,0],output[0,1],output[0,2], format='(20dl8.12)'
output[*,species],
endfor ;tox loop.
Reaction loop (time scale = micro-seconds).
for tr=l, trmax do begin
for n=0, nmax-1 do begin
; Calculates changes.dBT=(-deltal*BT[n]*P[n])*dtrdBBTl=((-delta2*BBTl[n]*P[n])-(lambda*BBTl[n]*M[n])- (mu*BBTl [n] * (M[n] ''2) ) ) *dtr dBBT3=( (-delta4*BBT3 [n] * (P [n] "'2 ) ) - (lambda 1*BBT3 [n] *M[n] ) - (mu*BBT3 [n] * (M[n] '^ 2) ) ) *dtr dBH=((+deltal*BT[n]*P[n])-(disp*BH[n]*R[n])-(etal*BH[n]*R[n])- (epsilon*BH[n]*R[n]*M[n]))*dtr dP= ( (-deltal*BT [n] *P [n] ) - (delta2*BBTl [n] *P [n] ) - (delta3*BBTMl [n] *P [n] ) - (delta4*BBT3[n]* (P[n]"2)))*dtr dM=( (-epsilon*BH[n] *R[n] *M[n] ) - (lambda*BBTl [n] *M[n] )- (mu*BBTl [n] * (M[n] '^2 ) ) - (lambdal*BBT3 [n] *M[n] ) - (mu*BBT3 [n] * (M[n]'^ 2) ) ) *dtr d R = ((+deltal*BT[n]*P[n])-(disp*BH[n]*R[n])-(etal*BH[n]*R[n])- (epsilon*BH[n]*R[n]*M[n])+(delta2*BBTl[n]*P[n])- (eta2*BBH[n] *R[n] ) + (delta3*BBTMl [n] *P[n] ) - (thetal*BBM[n] *R[n] )'- (theta2*BBTM2 [n] * (R[n] ^ 2) ) -theta3*BBMM[n] * (R[n] ''2) ) +(delta4*BBT3 [n] * (P[n] ^ 2^) ) + (delta3*BBTMl [n] *P[n] )- (thetal*BBM[n] *R[n] ) - (theta3*BBMM[n] * (R[n] -^ 2) ) ) *dtr
dBBH=((+delta2*BBTl[n]*P[n])-(eta2*BBH[n]*R[n]))*dtr dBBTMl=((+lambdal*BBTl[n]*M[n])-(delta3*BBTMl[n]*P[n])+(lambdal*BBT3[n]*M[n]))*dtr
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dBBTM2=( (+lambda2*BBTl [n] *M[n] ) - (theta2*BBTM2 [n] * (R[n] -^ 2) ) ) dBBM=((+delta3*BBTMl[n]*P[n])-(thetal*BBM[n]*R[n]))*dtr dBBMM=( (+mu*BBTl [n]*{M[n]''2)) - (theta3*BBMM [n] * (R[n] ''2) ) + (mu*BBT3[n]* (M[n]^2)))*dtr dPin=(+delta4*BBT3 [n] * (P[n] ^ 2^) ) *dtr
dXL2=(+etal*BH[n]*R[n])*dtr dXLM2=(+epsilon*BH[n]*R[n]*M[n])*dtr dXL3=(+eta2*BBH[n]*R[n])*dtr dXLM3=(+thetal*BBM[n]*R[n])*dtr
'dtr
dXLM4=((+theta2*BBTM2[n]* (R[n] ddead=(+disp*BH[n]*R[n]> *dtr
;Applies changes.BT[n]=BT[n]+dBT
if -dBBTl ge BBTl [n] then beginBBTl[n]=O.ODendif else beginBBTl[n]=BBT1[n]+dBBTlendelse
if -dBBT3 ge BBT3[n] then beginBBT3[n]=O.ODendif else beginBBT3[n]=BBT3[n]+dBBT3endelse
'2) ) + (theta3*BBMM[n] *{R[n] ''2) ) ) *dtr
B H [n ]= B H [n ]+dBHR[n]=R[n]+dRBB H [n ]=BBH[n ]+dBBHBBTMl[n]=BBTM1[n]+dBBTMlBBTM2[n]=BBTM2[n]+dBBTM2BB M [n ]=BBM[n ]+dBBMBBMM[n ]=BBMM[n ]+dBBMMP[n]=P[n]+dPM[n]=M[n]+dMPin[n]=Pin[n]+dPinXL2[n]=XL2[n]+dXL2XLM2[n]=XLM2[n]+dXLM2XL3[n]=XL3[n]+dXL3XLM3[n]=XLM3[n]+dXLM3XLM4[n]=XLM4[n]+dXLM4XL [n] = (XL2 [n] +XLM2 [n] +XL3 [n] +XLM3 [n] +XLM4 [n] ) dead[n]=dead[n]+ddead
;Writes output[ output[ output[ output[ output[ output[ output[ output[ output[ output[ output[ output[ output [ output[ output[ output[ output[ output[ output[ output[ output[ output[ output[ output[ output [
endfor
changes. n,0]=(ti*dti)1i = (tox*dtox)2]=(tr*dtr)3]=(B[n])/lOOO.OD4]=(P[n])/lOOO.OD5]=(M[n])/lOOO.OD 60 = (Oxy[n])/lOOO.OD7]=(BT[n])/lOOO.OD8]=(BH[n])/lOOO.OD9]=(R[n])/1000.0D10]=(BBTl[n])/lOOO.OD11]=(BBT2[n])/lOOO.OD12]=(BBT3[n])/lOOO.OD13]=(BBH[n])/lOOO.OD14]=(BBTMl[n])/lOOO.OD15]=(BBTM2[n])/lOOO.OD16]=(BBM[n])/lOOO.OD17]=(BBMM[n])/lOOO.OD18]=(Pin[n])/lOOO.OD19]=(XL2[n])/lOOO.OD20]=(XLM2[n])/lOOO.OD21]=(XL3[n]}/1000.0D22]=(XLM3[n])/lOOO.OD23]=(XLM4[n])/1000.0D24]=(XL[n])/lOOO.OD
;n loop,
;printf, lun, output[slice,*], format='(25dl8.12)'printf, lun, output[0,0],output[0,1],output[0,2], output[*,species], format='(20dl8.12)'
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endfor ;tr loop.
Oxygen diffusion during reaction step.
; Surface - Constant fluxdOxy[0]=diff* ( (2*0xy[0]-Oxy[1])+Oxy[1]-2*0xy[0]) 
; Central region.dOxy[1]=diff* (Oxy[2]+Oxy[0]-2*0xy[1]) dOxy[2]=diff* (Oxy[3]+Oxy[1]-2*0xy [2]) dOxy[3]=diff*(Oxy[4]+Oxy[2]-2*0xy[3]) dOxy[4]=diff* (Oxy[5]+Oxy[3]-2*0xy [4]) dOxy[5]=diff* (Oxy[6]+Oxy[4]-2*0xy [5]) dOxy [6] =diff* (Oxy [7] 4-Oxy [5] -2*0xy [6] ) dOxy[7]=diff* (Oxy[8]+Oxy[6]-2*0xy[7]) dOxy[8]=diff*(Oxy[9]+Oxy[7]-2*0xy [8]) dOxy[9]=diff* (Oxy[10]+Oxy[8]-2*0xy[9]) dOxy[10]=diff*(Oxy[11]+Oxy[9]-2*0xy[10])
; Base - No flux boundary condition dOxy[11]=diff* (2*0xy[10]-2*0xy[11])
for n=0, nmax-1 do begin
O x y [n ]=Oxy[n ]+dOxy[n ] 
endfor
endfor
; Oxygen diffusion loop 
;ti loop
Oxygen diffusion over "waiting/measuring period".
for tw=l, twmax do begin
; Surface - Constant fluxdOxy[0] =diff*((2*0xy[0]-Oxy[1])+Oxy [1]-2*0xy [0]) 
/Central region.dOxy[1]=diff* (Oxy[2]+Oxy[0]-2*0xy[1]) dOxy [2] =diff * (Oxy [3] 4-Oxy [1] -2*0xy [2] ) dOxy[3]=diff* (Oxy[4]+Oxy[2]-2*0xy[3]) dOxy[4]=diff*(Oxy[5]+Oxy[3]-2*0xy[4]) dOxy [5] =diff * (Oxy [6] +Oxy [4] -2*0xy [5] ) dOxy [6] =dif f * (Oxy [7] +Oxy [5] -2*0xy [6 ] ) dOxy[7]=diff* (Oxy[8]+Oxy[6]-2*0xy[7]) dOxy[8]=diff* (Oxy[9]+Oxy[7]-2*0xy[8]> dOxy[9]=diff* (Oxy[10]+Oxy [8]-2*0xy [9]) dOxy[10]=diff* (Oxy[11]+Oxy[9]-2*0xy[10]}
; Base - No flux boundary condition dOxy[11]=diff*(2*Ox y [10]-2 *Oxy[11])
for n=0, nmax-1 do begin
Oxy[n]=Oxy[n]+dOxy[n] 
endfor ; Oxygen diffusion loop,
endfor ;tw loop,
endfor /time loop.
print, '*** Output File Created ***' free_lun, lun
CLOSE, /ALL
END
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